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Abstract 


Studies investigating the oxidation of soot and carbon monoxide (CO) have been 
conducted in a series of laminar diffusion flames. Both overventilated and underventilated 
conditions have been examined. For the overventilated studies, the production and destruction 
of CO has been found to be influenced by the amount of soot present in the flame. 
Measurements of the hydroxyl radical (OH -) have demonstrated that soot can compete for OH - 
when undergoing oxidation and, thus, impede the oxidation of CO to CO,. Absolute 
concentration measurements for OH: have shown that superequilibrium values of OH~ are 
achieved in the upper region of these diffusion flames. In these situations, equilibrium estimates 
for OH: are in error, underestimating the OH- concentration significantly. However, as soot 
concentration increases to a point where soot is emitted from the flame, rapid reactions between 
soot particle and OH~ result in concentration levels close to equilibrium values. These results 
clearly demonstrate that soot particles are far from passive species in flames and can directly 
affect the chemical pathways involved in the oxidation process through radiative effects on 
temperature and soot particle reactivity effects on radical concentrations. 


The CO and smoke yields were observed for underventilated laminar diffusion flames 
burning methane and ethene for global equivalence ratio @ over the range 0.5 to 4.0. A Burke- 
Schumann type burner with fuel in the center tube and air in the annular region was used. The 
peak CO yields for methane and ethene, 0.37 and 0.47 respectively, are at least a factor of 100 
greater than for overventilated burning. The ratio of CO/CO, versus @ for the methane flame 
is compared with local measurements of this ratio for both overventilated and underventilated 
laminar diffusion flames and with the results for turbulent natural gas flames quenched in an 
upper layer. The peak smoke yields for methane at a flow rate of 10 cm?/s and for ethene at 
a fuel flow rate of 6.4 cm’/s are 0.01 and 0.05, respectively, compared to yields of 0. and 0.028 
for the overventilated case. The proportionality between smoke yield and CO yield observed 
for overventilated burning for a wide range of fuels is found not to be valid for the underve- 
ntilated case. The chemical makeup and structure of the smoke produced at high equivalence 
ratio is qualitatively different from smoke produced under overventilated conditions; the smoke 
is mainly organic rather than graphitic and it has an agglutinated structure rather than an 
agglomerate structure with distinct primary spheres usually observed in overventilated burning. 
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1.0 Introduction 


The occurrence and growth of a fire is characterized by a complex set of phenomena 
involving the interaction between combustion and fluid mechanical processes. Over the past 
decade an extensive effort has been undertaken to understand these basic processes and their 
relationship to the practical world of fire protection. With the major objective to limit the loss 
of life and property, an emphasis has been given to developing a better understanding of the 
manner in which fires propagate and the impact of the species produced in a fire. Through the 
incorporation of this understanding into suitable fire modeling efforts, systematic design and 
assessment tools have been developed and continue to evolve. Clearly improved performance 
of these modelling approaches relies on continued development of our understanding of the basic 
phenomena involved in fire situations. Although considerable progress has been made over the 
last decade, important questions remain to be addressed and resolved. 

Recently, a major interest has emerged regarding the production of carbon monoxide in 
fires. Carbon monoxide is recognized as the most serious combustion product resulting from 
a fire. An understanding of its production and transport can greatly aid in improving victim 
survivability in fire situations. One focus of the present research effort was to understand the 
conditions and processes which control the emission of carbon monoxide from a fires. In 
particular, consideration was given to the effects that the presence of soot particles have on CO 
emission. Soot has long been recognized as a major hazardous product of fires because of its 
contribution to visual obscuration and post fire respiratory difficulties. The former effect 
impedes victim escape while the latter influences long term victim survival rates. Furthermore, 
soot particles through their radiative properties aid in energy transport, thus, enhancing fire 
spread rates. Through this active role in the fire process, soot particles affect the temperature 
and species concentration conditions present in fires and, consequently, can directly influence 
and formation and destruction of CO. 

The present research program emphasized the study of the combustion processes that 
directly affect the emission of combustion products from fires. Consequently, the studies 
concentrated on the upper regions of diffusion flames where extensive fuel decomposition and 


soot growth have already occurred. A major objective of the work was to systematically 
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investigate the effects introduced by the presence of soot particles in varying concentrations on 
gas phase species produced in the flame. Of particular interest are the effects that soot particles 
exert on carbon monoxide emission from the flame. 

The studies were conducted in a coannular laminar diffusion flame environment and 
combine both intrusive probe and laser diagnostic techniques. Conditions typical of both 
overventilated and underventilated flames were examined. Building on recent work in which 
well controlled amounts of soot are formed in diffusion flames, the present studies provide 
information on the sensitivity of CO formation to local temperature and equivalence ratio 
conditions. A novel feature of the research is the integrated and comprehensive nature of the 
studies regarding the evolution of the combustion processes. | 

Both stable products such as CO,, CO and O, were measured using sampling probe 
techniques while an important radical species, OH+, was determined using laser induced 
fluorescence. These measurements provide a suitable basis from which to evaluate the dominant 
oxidation routes for CO and soot particles. Thus, the effects of soot particle concentrations on 
the mechanism controlling CO formation and destruction can be directly examined. Taken as 
a whole, these studies provide a comprehensive examination of the evolution of the soot particle 


and its effects on other property and species fields in fires. 


2.0 The Oxidation of Soot and Carbon Monoxide in Hydrocarbon Flames for Over- 


ventilated Conditions. 


A series of studies were conducted to examine the oxidation of soot and CO in coannular 
laminar diffusion flames. In particular, the importance of hydroxyl radicals in ie oxidation of 
soot particles was examined as a function of soot particle volume fraction. Laser-induced 
fluorescence (LIF) was used to determine the OH radical concentrations for flames burning 
methane and ethene as well as fuel mixtures of methane/butane and methane/butene. The result 
of t 2 studies will .: briefly summarized here. More extensive descriptions are contained in 
refer.ces | .nd 2 which are included as appendices A and B. 

Quantitative OH + concentrations have been measured in four coannular diffusion flames, 
burning methane at a single fuel flow rate and ethene at fuel flow rates which produce non- 
smoking, incipient smoking, and smoking conditions. Laser-induced fluorescence has been used 
to make point profile, line image, and two-dimensional image measurements. These data have 
been placed on an absolute basis by reference to earlier absorption results [3]. Particular 
emphasis has been placed on the investigation of the soot oxidation region in these laminar 
flames, since current soot models must utilize either assumed or estimated OH - concentrations. 
As the soot concentration increases, both the OH - concentrations and the flame temperature are 
found to decrease. Estimates of the superequilibrium levels of OH~ increase as the measured 
concentration decrease, which makes accurate a priori prediction of OH: concentrations 
problematic in diffusion flames containing significant soot concentrations. 

The total uncertainty in these measurements is estimated to be +50%, based upon errors 
associated with our calibration procedure, corrections for the laser beam intensity, and quenching 
rate considerations. These experimental results should both test and guide the development of 
soot production models which include oxidation processes. It is especially noteworthy in this 
regard that an equilib: mn approach is not a reasonable starting point for estimating OH: 
concentrations in the region where soot oxidation rates are expected to be largest. Departures 
from equilibrium estimates increase with increasing soot concentrations, decreasing temperatures, 
and decreasing OH concentrations. 


Quantitative OH: concentrations and primary soot particle sizes have also been 
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determined in the soot oxidation regions of axisymmetric diffusion flames burning methane, 
methane/butane, and methane/1-butene in air at atmospheric pressure. The total carbon flow 
rate was held constant in these flames while the maximum amount of soot varied by a factor of 
seven along the centerline. Laser-induced fluorescence measurements of OH- were placed on 
an absolute basis by calibration against earlier absorption results [3]. The primary size 
measurements of the soot particles were made using thermophoretic sampling and transmission 
electron microscopy. OH: concentrations approach equilibrium values when the soot loading 
is high. The diminished OH- concentrations are found to arise from reactions with the soot 
particles and only to a minor degree from lower temperatures due to soot radiation losses. 
Analysis of the soot oxidation rates computed from the primary particle size profiles as a 
function of time along the flame centerlines shows that OH: is the dominant oxidizer of soot. 
Higher collision efficiencies of OH~ reaction with soot particles are found for the flames 
containing larger soot concentrations at lower temperatures. A comparison of the soot and CO 
oxidation rates shows that although CO is inherently more reactive than soot, the soot 
successfully competes with CO for OH- and hence suppresses CO oxidation for large soot 
concentrations. 

Measurements of the hydroxyl radical concentration and the size of the primary soot 
particles have also been made in a series of hydrocarbon/air diffusion flames containing varying 
amounts of soot. The observes OH- concentrations are suppressed in the presence of soot 
particles. A comparison of the fuel lean OH - concentrations in the presence and absence of soot 
particles reveals that the OH- concentration is reduced primarily due to reactions with soot 
rather than as a consequence of the lower flame temperatures measured for the higher soot 
loadings. The effect of lower temperatures on the OH~ concentration is comparatively small, 
accounting for only 7% + 4% of the measured decrease in the OH~ concentration. 

The soot oxidation rates computed from the primary particle size profiles as a function 
of time reveal interesting trends for the soot particle reactivity. Higher collision efficiencies are 7 
deduced for the flames containing larger soot concentrations at lower temperatures. The 
variation of the collision efficiency with temperature suggests that fewer active sites per unit 
surface area exist at higher temperatures. 


A comparison of the soot and CO oxidation rates shows that although CO is inherently 
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more reactive than soot on a per carbon basis, for large soot concentrations the soot successfully 


competes with CO for OH: and hence suppresses CO oxidation. 


3.0 Generation of CO and Smoke During Underventilated Combustion 


While there has been extensive research on overventilated laminar diffusion flames in 
terms of smoking height, yield of smoke and combustion gases, and species concentrations in 
the flame itself, there has been relatively little research on underventilated laminar diffusion 
flames beyond the work of Burke and Schumann [4]. Studies recently have been conducted of 
inverse laminar diffusion flames [5,6] which represent a closely related flame configuration. In 
these studies the oxidizer flow is surrounded by the fuel flow; the reverse of the normal laminar 
diffusion flame arrangement. There have been several studies of the species produced by 
underventilated turbulent flames [7-14]. These include small scale studies of CO yield for 
slightly underventilated burning for solid fuels [7] and for propane and propylene [8]. In larger 
scale tests [9-14] with turbulent flames the overall ventilation is controlled by adjusting the 
height of the collection hood relative to the burner. The fuels studied include methane by Toner 
et al.{9,11], methane, ethene, and propylene by Morehart er al. [10,12] and a variety of 
hydrocarbons, alcohols, as well as several polymers by Beyler [13,14]. In these studies there 
is an abrupt increase in the CO concentration as the global equivalence ratio, ®, defined as the 
fuel-to-air ratio normalized by the stoichiometric fuel-to-air ratio approaches a value of 1.0. 
This large increase in CO is of concern in regards to safety implications for fires in structures 
and continuing research is underway to characterize the CO production during underventilated 
burning in enclosures [15,16]. 

The focus of the present study was to provide a quantitative data base on the production 
of CO and smoke particulates from laminar underventilated diffusion flames a la Burke 
Schumann [4]. Advantages of the underventilated laminar diffusion flame system over previous 
studies [7-16] include a wider range of ® up to at least 4, the ease in measuring ® and the yields 
of CO and smoke, and the potential for theoretical analysis of the generation rates of the 
combustion products. We have chosen to study methane, which is the simplest hydrocarbon and 
ethene, which has a moderate tendency to smoke. Methane [17-20] and ethene [21-24] are 
among the most carefully studied fuels for laminar overventilated flames. There are also data 
[9-12] for CO concentration on turbulent underventilated flames for these gases. We are not 


aware of any quantitative study of smoke production during underventilated burning. 
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In the present study emphasis was given to the general trends observed for both CO and 
soot production in terms of the global equivalence ratio. The trends in the CO and soot yields 
in these underventilated laminar flame studies differ distinctively from results observed in 
overventilated diffusion flames. Additionally the very nature of the soot formed in these flames 
is different from that observed in the more widely studied overventilated conditions. Care is 
also taken to describe the conditions under which stable underventilated flames can be 
established and the procedure for systematically observing the effects of the equivalence ratio 
variations. Below the results of the underventilated flame studies are summarized. A detailed 
description of these studies is given in Appendix C, which contains a copy of Mr. S. Léonard’s 
Master of Science Thesis. 

The CO and smoke yields observed for underventilated laminar diffusion flames were 
studied for methane and ethene for global equivalence ratio over the range 0.5 to 4.0. A 
Burke-Schumann type burner with fuel in the center tube and air in the annular region was 
used. The peak CO yields for methane and ethene, 0.37 and 0.47 respectively, are at least a 
factor of 100 greater than for overventilated burning. The ratio of CO/CO, versus ® for the 
methane flame is compared with local measurements of this ratio for both overventilated and 
underventilated laminar diffusion flames and with the results for turbulent natural gas flames 
quenched in an upper layer. The peak smoke yields for methane at a flow rate of 10 cm3/s and 
for ethene at a fuel flow rate of 6.4 cm?/s are 0.01 and 0.05, respectively, compared to yields 
of 0. and 0.028 for the overventilated case. The proportionality between smoke yield and CO 
yield observed for overventilated burning for a wide range of fuels is found not to be valid for 
the underventilated case. The chemical makeup and structure of the smoke produced at high 
equivalence ratio is qualitatively different from smoke produced under overventilated conditions; 
the smoke is mainly organic rather than graphitic and it has an agglutinated structure rather than 
an agglomerate structure with distinct primary spheres usually observed in overventilated 
burning. 

An investigation of the generation of CO and smoke for underventilated laminar diffusion 
flames, burning methane and ethene, has revealed both strong similarities and differences with 
studies considering turbulent overventilated conditions. In particular, the proportionality between 
smoke yield and CO yield observed for the post-flame (overfire) region of turbulent 
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overventilated flames for a wide range of fuels is not found to be valid for the underventilated 
laminar diffusion flame case. In fact, the soot observed in the underventilated flames is 
observed to vary considerably in terms of the chemical structure from that typically observed 
in overventilated flames. The highly organic nature of the soot implies that the structure of the 
soot may be more similar to early agglutinated soot particles recently observed in diffusion 
flames than to the more aged aggregates typical of the post-flame region for overventilated 
flames. Comparisons in terms of the ratio of CO and CO, as a function of global equivalence 
ratio in the post-flame region of the underventilated flames show a similar behavior to that 
previously observed for in-flame measurements for both overventilated and underventilated 
diffusion flames which examined the dependence of this ratio on local equivalence ratio 
conditions. This suggests that for the in-flame fuel-rich region, the chemical environment 
excluding soot is correlated with equivalence ratio in a similar way for both an overventilated 
flame and an underventilated flame. The low production of CO in the post-flame region of 
overventilated flames is simply a result of the oxidation of CO to CO, in the upper region of 
these flames. Finally, the present studies illustrate the utility of the study of underventilated 
flame environments where product yields and trends can be quite different from overventilated 
conditions. These studies should have significance for combustion phenomena in which 


underventilated conditions are typical, such as in fires. 
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LASER-INDUCED FLUORESCENCE MEASUREMENTS OF 
OH: CONCENTRATIONS IN THE OXIDATION REGION OF 
LAMINAR, HYDROCARBON DIFFUSION FLAMES 


RAHUL PURI, MARLOW MOSER anD ROBERT J. SANTORO 


Department of Mechanical Engineering 
Pennsylvania State University 
University Park, PA 16802 USA 


AND 


KERMIT C. SMYTH 
Building and Fire Research Laboratory 
National Institute of Standards and Technology 
Gaithersburg, MD 20899 USA 


Quantitative OH- concentrations have been measured in four coannular diffusion flames, 
burning methane at a single fuel flow rate and ethene at fuel flow rates which produce non- 
smoking, incipient smoking, and smoking conditions. Laser-induced fluorescence has been 
used to make point profile, line image, and two-dimensional image measurements. These 
data have been placed on an absolute basis by reference to earlier absorption results. Par- 
ticular emphasis has been placed on the investigation of the soot oxidation region in these 
laminar flames, since current soot models must utilize either assumed or estimated OH: 
concentrations. As the soot concentration increases, both the OH- concentration and the flame 
temperature are found to decrease. Estimates of the superequilibrium levels of OH- increase 
as the measured concentrations decrease, which makes accurate a priori prediction of OH- 
concentrations problematic in diffusion flames containing significant soot concentrations. 


Introduction 


Recent laboratory studies of soot formation have 
focussed on a wide variety of important processes, 
including particle inception, surface growth, fuel 
concentration and temperature effects, and the 
properties and morphology of the soot particles. In 
parallel with these experimental efforts several 
groups have independently developed models of the 
formation and evolution of soot in hydrocarbon dif- 
fusion flames, in both laminar and turbulent envi- 
ronments.'~’ However, relatively little attention has 
been paid to the soot oxidation step,>'! which is 
the key link between the soot produced within the 
flame and the smoke yield. Previous work has also 
shown that the emission of CO from diffusion flames 
is closely related to the observed soot concentra- 
tions, '*!° with larger CO concentrations surviving 
as the soot concentration increases. Higher soot 
loadings can affect the level of CO survival by two 
distinct mechanisms: (1) The increased radiation of 
heat lowers the temperature. which can enhance 
CO emission by reducing the OH- concentration 
and thus the oxidation rate of CO: and (2) there 
exists a competition between CO and soot for OH-. 


since the hydroxyl radical is the key oxidizer for 
both CO" and soot®® under many flame condi- 
tions. 

Flame structure calculations of OH- concentra- 
tions in soot free regions of methane/air diffusion 
flames’® are in excellent agreement with experi- 
mental measurements. However, when radiation 
losses from soot particles are included, predictions 
of the temperature field and the degree of radical 
superequilibrium are difficult to make. In a recent 
study of an atmospheric pressure laminar methane/ 
air diffusion flame, Smyth et al.'® found that their 
measured maximum OH: concentrations were 
greater than full equilibrium values and smaller than 
a partial equilibrium estimate (by more than a fac- 
tor of two in each case). These findings are consis- 
tent with investigations of premixed flames. !”""® In 
addition, the superequilibrium ratio of the experi- 
mental OH: concentration to full equilibrium esti- 
mates increased rapidlv for both lean and rich flame 
conditions. In general. one expects that the super- 
equilibrium OH: ratio will increase as the OH: 
concentration decreases.'? This behavior has also 
been observed in turbulent hydrogen/air diffusion 


flames. ~” 


is 


SOOT 


The present work is intended to specifically es- 
tablish how the OH: concentration varies as the soot 
volume fraction is changed, with particular empha- 
sis on the soot oxidation region. These data are es- 
sential input for integrated soot formation models, 
since thus far the oxidation step for all of the pro- 
posed models rests upon calculated or assumed 
quantities. Quantitative measurements of the OH- 
concentration in sooting regions are also needed in 
order to understand the competition between soot 
particles and CO for OH:, which controls CO emis- 
sions. 

In the current study, laser-induced fluorescence 
(LIF) measurements of OH: have been calibrated 
against earlier absorption data in order to obtain 
quantitative concentration profiles in laminar dif- 
fusion flames containing soot particles. Most of the 
earlier LIF measurements on OH: in hydrocarbon 
diffusion flames have been confined to regions where 
significant amounts of soot have not formed, '©?!- 
with only Garo et al.'° reporting OH- concentra- 
tions in the presence of soot particles for a meth- 
ane/air flame. Lucht et al.” have also made OH- 
concentration measurements in sooting premixed 


CH,4/O2/N¢ flames. 


Experimental Approach 


Burner and Detection Configuration: 


Laminar diffusion flames were established on a 
coannular burner,” which consists of a 1.11 cm di- 
ameter fuel tube surrounded by a 10.2 cm diameter 
air annulus. Methane and ethene fuels were stud- 
ied at volumetric flow rates of 7.7 cm°/s for meth- 
ane and 3.85, 4.6 and 4.9 cm°/s for ethene. The 
air flow rate for the methane flame and the 3.85 
cm°/s ethene flame was 1060 cm*/s and was 1300 
cm*/s for the higher ethene flow rate flames. In 
the ethene flame having the lowest fuel flow rate, 
no soot is observed to survive the flame tip, while 
for the largest fuel flow rate soot emission from the 
flame is easily detected. For the intermediate eth- 
ene flow rate, the flame is quite close to the smoke 
point condition.~ These flames are designated as 
non-smoking (NS), incipient smoking (IS), and 
smoking (S). 

Figure 1 shows a schematic diagram of the ex- 
perimental setup for the laser-induced fluorescence 
measurements. The output from a Nd:YAG pumped 
dye laser was frequency doubled to produce the UV 
beam, which was focussed into the flame. A pyro- 
ele «ric joulemeter was used to monitor the beam 
intensity, and the fluorescence signal was collected 
at 90° with a cooled CCD camera. This camera in- 
corporated a 18 mm microchannel plate image in- 
tensifier to provide gating and signal amplification 
before detection by the cooled CCD chip, which 
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Fic. 1. Scents diagram of the laser-induced 
fluorescence experimental setup. .. 


af Matsise = ES - 


had a 576 (row). x 384 (column) pixel format. The 


laser wavelength was tuned to either 278.83 nm or 
283.55 nm, corresponding to the excitation of the 
Sey(8) and Q,(8) lines of the A®S* <— X®II, (1,0) 
band of OH-, respectively. Excitation from the N” 
= 8 level was selected in order to minimize the 
Boltzmann population correction with temperature 
(less than 5% over the range 1400 to 2100 K). At 
elevated temperatures the variation of the quench- 
ing rate upon the initially excited rotational level 
(N’ = 8 and N’ = 10 for the transitions studied 
here) is expected to be less than -10%.* Low laser 
energies were utilized, and checks were made to 
ensure that the laser-induced fluorescence signals 
varied linearly with the laser intensity. Glass filters 
were placed in front of the CCD camera with 50% 
transmission cutoffs at 305 nm and 385 nm. These 
filters attenuated elastically scattered light from the 
soot particles and transmitted the (0,0) and (1,1) 
emission bands of OH-, as well as broadband laser- 
induced fluorescence attributed to polycyclic aro- 
matic hydrocarbons (PAH).?” 

The experimental arrangement depicted in Fig. 
1 was used to obtain 1D images with the laser tuned 
to the So,(8) line. The beam was focussed with a 
long focal length (1000 mm) lens to minimize the 
variation of the beam diameter (full width = 0.9 
mm), and hence intensity, across the flame. For the 
2D images this lens was replaced with a combina- 
tion of three cylindrical lenses, giving a sheet 25 
mm high with an estimated total thickness of 0.2 
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Relative Signal Intensity 
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Fic. 2 (Top). On-resonance signal profile ob- 
tained by binning 22 pixel rows from a 1D image 
obtained in the axisymmetric ethene non-smoking 
flame at an axial location 7 mm from the exit of the 
fuel tube. The profile displays the signals due to 
three processes: OH: fluorescence (furthest from the 
centerline), light scattered by soot particles, and 
PAH fluorescence (closest to the centerline). The 
direction of laser beam propagation is left to right, 
and the laser wavelength is 278.83 nm, correspond- 
ing to the excitation of the weak S,, (8) line of OH- 
(see text). 5 

(Bottom). Signal profile obtained from a 1D im- 
age with the laser wavelength tuned off the OH- 
excitation line. 


mm. Since the light intensity was greatly reduced 
in the sheet, the 2D fluorescence images were ob- 
tained with the laser tuned to the much stronger 
Q,(8) line of the (1,0) band of OH- (52 times ars 
The Q,(8) line also provided improved OH: signals 
in regions where scattering from the soot particles 
was large. Corrections due to absorption of the in- 
coming beam for the Q,(8) transition (<1%) and 
trapping of the laser-induced fluorescence photons 
(<3%) were negligible. 


Image Analysis: 


The 1D and 2D images have been analyzed by 
binning the signals over a number of pixel rows 
(typically 22), corresponding to the region of inter- 
est. Figure 2 (Top) shows an example of a profile 
thus obtained from a 1D image of the ethene non- 
smoking flame. This profile exhibits the expected 
symmetry about the burner centerline and shows 
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three distinct features arising from OH- fluores- 
cence in the primary reaction zone (furthest from 
the centerline), the attenuated light scattering from 
soot particles, and PAH fluorescence in rich flame 
regions (closest to the centerline). With the laser 
tuned off the OH- excitation line, the signal due to 
OH: fluorescence disappears (Fig. 2 Bottom). Since 
this off-resonance profile was obtained by changing 
the laser wavelength by only 0.03 nm, the 
difference in signals due to light scattering from 
soot particles (which has A~* dependence) and PAH 
fluorescence (which is broadband in nature) is un- 
detectable for identical laser energies. Thus, sub- 
traction of the off-resonance profile from the on- 
resonance profile gives the signal due to OH- 
fluorescence, even in the presence of soot particles. 


Calibration of the Absolute OH- Concentration: 


In addition to the 1D and 2D measurements, 
point profile data were obtained in the coannular 
burner as well as in a Wolfhard-Parker burner us- 
ing methane as the fuel. These data provide the 
comparative basis from which to determine the ab- 
solute OH- concentrations in the coannular flames. 
The peak OH- concentration has been established 
in the Wolfhard-Parker methane flame from ab- 
sorption measurements (1.76 x 10'°/cm® for a 
temperature of 2032 K at a height of 7 mm above 
the burner surface'®). Comparison of the OH: laser- 
induced fluorescence signals for the methane/air 
flames on the two burners gave agreement within 
13%. The point and line profiles at various heights 
agreed within 7%. 

In order to determine the OH: concentration in 
the ethene flames, information on the local quench- 
ing rate must be combined with the measured flu- 
orescence signal. Smyth et al. reported the con- 
tributions of the major stable species to the collisional 
quenching of excited state OH- in their CH,/air 
diffusion flame. They found that HzO and CO, were 
the main OH- -quenchers at the location of the 
maximum OH: concentration and also established 
that the total quenching rate varied slowly (+ 18%) 
over the entire region where OH: was detected. 
No detailed species profile data are available for the 
coannular flames studied here. If we assume that 
the quenching environment in the two flame ge- 
ometries is identical (however, see below), then ab- 
solute OH: concentration profiles in the coannular 
flames are given bv: 


Sc [OH-]we Twr’> 


[OH:]¢ = 
Ic Step Tc 

Here the subscripts C and WP refer to the coan- 

nular and the Wolfhard-Parker burners. respec- 

tively, and S is the fluorescence signal normalized 
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by the incident laser intensity. An approximate cor- 
rection to the overall quenching rate (T~°*) has been 
included in order to account for large temperature 
variations (1300 to 2100 K). Based upon the earlier 
study of methane/air flames on the Wolfhard-Par- 
ker burner,’® this temperature correction may un- 
derestimate the OH- quenching rate in rich flame 
regions by as much as 20%. Radiation corrected 
temperatures were measured using a rapid inser- 
tion technique to minimize errors due to soot de- 
position;”? the Pt/Pt-10% Rh thermocouple had an 
uncoated junction diameter of 0.32 mm. Since the 
quenching rate is proportional to T~°°, even a 100 
K temperature error gives only a 3% error in the 
OH: concentration. 

One additional correction has been included, since 
in fact the ethene flames have significantly different 
H,O and COz, concentrations than the methane 
flame. Due to the lower H/C ratio of ethene, less 
H,O and more COz is present. The overall effect 
is an estimated 13% lower quenching rate in the 
ethene flame as compared to the methane flame, 
based on equilibrium predictions of HO, CO., CO, 
Oz, and Ng concentrations over a local equivalence 
ratio range of @ = 0.6 to 1.2 and T = 1400 to 2100 
K. This lower quenching rate implies a ~13% higher 
LIF signal in the ethene flame than the methane 
flame for identical OH- concentrations. 


Results and Discussion 


OH: Profiles: 


A serie: of OH: concentration profiles is pre- 
sented in Fig. 3a for several axial positions in the 
3.85 cm*/s fuel flow rate ethene/air flame. At each 
position the off-resonance signal has been sub- 
tracted from the on-resonance signal in order to 
eliminate the soot and PAH contributions. The re- 
sulting relative intensity profile was then used in 
conjunction with the temperature measurements and 
the peak OH: concentration calibration to obtain 
the profiles shown. The shape of the OH: concen- 
tration profile, after the temperature correction for 
quenching, closely resembles that of the raw OH- 
fluorescence signal. 

Figure 3a shows that the peak OH- concentra- 
tion sharply decreases while the spatial extent of 
the profile increases with height in the flame. The 
peak OH: concentration occurs on the lean side of 
the temperature maximum. Data for the two lower 
heights were obtained from 1D images with the laser 
tuned to the S»o)(8) line. The central regions of these 
two profiles, which display larger noise contribu- 
tions, are not presented. At higher axial locations 
the OH: concentrations were determined from the 
2D images using the much stronger Q,(8) line due 
to the presence of the larger soot concentrations. 
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H = 80mm 


{OH} (molecules/cm? x 10'*) 


H = 88 mm 


{OH-] (molecules/cm*) 


Soot Volume Fraction, f, (cm*/cm*) 


(b) 


Fic. 3. (a) OH- concentration profiles in the axi- 
symmetric non-smoking ethene/air flame at axial 
positions H = 7, 20, 70, 80 and 88 mm from the 
fuel tube exit. The asymmetry in the OH: concen- 
tration profiles is due to the attenuation of the laser 
light (propagating from left to right) by soot parti- 
cles. 

(b) OH: concentration and soot volume fraction, 
f., profiles (shown as lines and filled symbols, re- 
spectively) in the axisymmetric non-smoking eth- 
ene/air flame at axial positions of H = 20 and 70 
mm from the fuel tube exit. 


Fiesre 3b compares the soot volume _frac- 
tic: © f,, and the OH: concentration measure- 
me... ior the 20 mm and 70 mm axial locations. 
This tigure shows the evolution of the OH- profiles 
with increasing height with respect to the soot par- 
ticle field and demonstrates that OH- concentration 
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Fic. 4. Peak OH- concentration and the temper- 
ature, at the same spatial location, as a function of 
the nondimensional height (see text) in the ethene 
non-smoking (NS), incipient smoking (IS) and 
smoking (S) flames. 


measurements can be obtained under similar soot 
volume fraction conditions in both the soot particle 
formation and oxidation regions. 


Peak OH- Concentrations: 


Figure 4 shows the variation in the peak OH- 
concentration at various nondimensional heights, 7 
= H * Droein,/Q, in the three ethene flames, as 
well as the measured temperature at the location 
of the maximum OH: concentration. Each axial lo- 
cation, H, was normalized using the diffusion coef- 
ficient of ethene in Ne (0.156 cm/s), evaluated at 
300 K, and the volumetric flow rate of ethene, Q. 
This variable is suitable for the spatial comparison 
of flames with different overall heights” (the visible 
flame heights were 88 mm for ethene non-smoking, 
and 110 mm for ethene incipient smoking). The 
dotted lines in Fig. 4 simply connect the data points 
for each flame. 

Previous studies have established that the soot 
concentration in these ethene/air flames increases 
as the fuel flow rate is increased.2*™ As the soot 
concentration increases. the maximum OH- con- 
centration and the temperature decrease. The eth- 
ene smoking flame has lower peak OH: concentra- 
tions than the ethene non-smoking flame by up to 
a factor of 1.7. The peak OH: concentration in all 
of these flames drops by an order of magnitude over 
the flame height. 


OH: Concentration at the Soot Layer: 


For testing model predictions of soot oxidation 
rates it is important to examine the OH- concen- 
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Fic. 5. OH: concentration and the temperature 
at the soot layer as a function of the nondimen- 
sional height (see text) in the ethene non-smoking 
(NS), incipient smoking (IS) and smoking (S) flames. 


trations at the high temperature, lean edge of the 
soot layer, where oxidation rates are expected to be 
highest. Figure 5 plots the OH- concentration and 
the temperature at the location where the signal 
due to light scattered by soot particles sharply in- 
creases (see Fig. 2 Bottom) in the three ethene 
flames. Both the OH- concentrations and the tem- 
peratures at the soot layer decrease with increasing 
soot concentration. The ethene smoking flame ex- 
hibits a lower OH- concentration at the soot layer 
than the ethene non-smoking flame by a factor of 
15'to' 2.0.0 7 - 

For the methane/air flame the peak OH- con- 
centration and the results at the edge of the soot 
layer have not been included in Figs. 4 and 5 for 
the sake of clarity. The data are tabulated in Table 
I and show a much smaller variation with axial lo- 
cation. The OH: concentration at the soot layer in 
the methane flame actually increases slightly with 


-flame height in the soot oxidation region. 


Comparison with Equilibrium Predictions: 


The present experimental results can be com- 
pared to equilibrium”! predictions by combining our 
temperature data with an estimate of the local flame 
stoichiometry. At the location of the peak OH: con- 
centration. analvsis of the Wolfhard-Parker results 
for the methane/air flame gives a value of @ = 0.85 
at a height of 9 mm. For the OH: concentration at 
the soot layer a value of d = 0.925 was taken, based 
on observations in the oxidation regions of axisvym- 
metric flames burning mixtures of methane/butane 
and methane/1-butene.'** Table I compares the 
equilibrium concentrations of OH-, calculated at the 
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TABLE I 
Comparison of the peak OH: concentration (molecules/cm*® x 10") and the OH: concentration at the 
soot layer with equilibrium predictions as a function of the height (H) above the burner in the 
Methane/Air, Non-Smoking Ethene/Air (NS), Incipient Smoking Ethene/Air (IS), and the Smoking 
Ethene/Air (S) flames. 


(OH:] 
Expt 


Temp 


Flame (mm) (K) 


Ethene NS 


Ethene IS 


Ethene S 


BS. SER. SSa8y 


measured temperatures and these stoichiometries, 
with the experimental peak concentrations and the 
OH: concentrations at the soot layer for the four 
flames studied. The equilibrium predictions are 
much lower than the measurements for the ethene 
flames and show a greater variation over the flame 
height. 

Table I also presents the ratio of the experimen- 
tal values to the equilibrium concentrations of OH-. 
In the methane flame the OH- superequilibrium 
ratio is close to a factor of two, which is in good 
agreement with the observations made in: the 
Wolfhard-Parker burner.'® The ethene flames, which 
have much more soot than the methane flame, show 
a greater departure from equilibrium. As the soot 
concentration increases, the overshoot of the mea- 
sured OH: concentration above equilibrium values 
increases. These results show that equilibrium es- 
timates of OH- concentration are not accurate in 
hydrocarbon diffusion flames containing significant 
soot concentrations, even with a knowledge of the 
local flame temperature and the stoichiometry. 

In the absence of detailed species profiles for the 
coannular flames the degree of superequilibrium 
OH: levels is difficult to quantify, since [OH: Jequi 
is a strong function of the local stoichiometry and 
the temperature. Equilibrium calculations were run 
at various temperatures and values of @ to examine 
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[OH-] 
Equil 


Soot Layer [OH-] 


Ex/Eq 


this sensitivity. For a given temperature, the peak 
[OH- equa occurs close to @ = 0.65 for both meth- 
ane and ethene flames. At @ = 0.85, a 100 K tem- 
perature error at. 1450 K changes [OH- equ bya 
factor of 2.4 and at 2050 K by 1.6. This sensitivity 
to temperature increases monotonically with in- 
creasing ¢. The functional dependence of [OH equi 
on @ is more complex. While a +0.05 error in @ 
at @ = 0.85 and T = 2050 K changes (OH: Jequi 
by only +7%, a similar uncertainty at @ = 1.00 
results in a 2.6 fold range in (OH: Jequia- However, 
the sensitivity to @ quickly decreases to +25% for 
@ = 1.15. 

The upshot of these considerations is that the 
largest uncertainty in the degree of superequilib- 
rium at the location of the peak OH: concentration 
is due to possible errors in the temperature mea- 
surements, which are judged to be accurate to bet- 
ter than +10%. The superequilibrium ratios at the 
peak OH: concentrations are estimated to be ac- 
curate to a factor of about two. However, the de- 
gree of superequilibrium for the OH- concentration 
at the edge of the soot laver is far more difficult to 
establish. Soot formation is confined to a narrow fuel 
rich region at the lower heights of hydrocarbon dif- 
fusion flames. As the soot particles are convected 
upward, diffusion continually changes the local stoi- 
chiometry at the soot laver. In the oxidation region 
the soot particles must pass from rich to lean flame 
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conditions. If the stoichiometry at the soot laver in 
the ethene flames is richer than the estimated value 
of @ = 0.925, considerably larger superequilibrium 
values than given in Table I can be expected. 


Concluding Remarks 


Quantitative OH- concentrations have been made 
in a series of methane and ethene diffusion flames, 
with particular emphasis upon the soot oxidation 
regions. The total uncertainty in these measure- 
ments is estimated to be +50%, based upon errors 
associated with our calibration procedure, correc- 
tions for the laser beam intensity, and quenching 
rate considerations. These experimental results 
should both test and guide the development of soot 
production models which include oxidation pro- 
cesses. It is especially noteworthy in this regard that 
an equilibrium approach is not a reasonable starting 
point for estimating OH: concentrations in the re- 
gion where soot oxidation rates are expected to be 


largest. Departures from equilibrium estimates in-_ 
crease with increasing soot concentrations, decreas-— 


ing temperatures, and decreasing OH- concentra- 
tions. 

Future work will evaluate the competition be- 
tween CO and soot particles for OH-, by combin- 
ing the present results on OH: concentrations with 
measurements of the disappearance rates for CO and 
soot. In addition, measurements of O, concentra- 
tions will allow us to quantify the relative contri- 
bution to soot oxidation by OH: and Ox. 
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COMMENTS 


Marcus Alden, Lund Institute of Technology, 
Sweden. Are the asymmetric OH density profiles 
shown caused by laser rption by OH? If yes, 
can this be used for in-situ calibration? 


Author's Reply. The profiles shown in Figs. 2 and 
3 reveal attenuation of the laser beam, which prop- 
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agates from left to right. This attenuation is caused 
primarily by scattering and absorption due to soot 
particles and not by OH: absorption, which is 
estimated to be < 1.5% across the entire flame 
for the optical transitions used in our experiments. 

. am in-situ calibration of the OH: 
concentration cannot be made from these measure- 
ments. ; 


Appendix B. The Oxidation of Soot and Carbon Monoxide in 
Hydrocarbon Diffusion Flames 


by 


R. Puri, R. J. Santoro, and K. C. Smyth, Combustion and 
Flame, 97:125-144 (1994). 
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The Oxidation of Soot and Carbon Monoxide in Hydrocarbon 
Diffusion Flames 


RAHUL PURI* and ROBERT J. SANTORO 
Department of Mechanical Engineering, The Pennsylvania State University, University Park, PA 16802 


and 


KERMIT C. SMYTH 
Building and Fire Research Laboratory, National Institute of Standards and Technology, Gaithersburg, MD 20899 


Quantitative OH - concentrations and primary soot particle have been determined in the soot oxidation 
regions of axisymmetric diffusion flames burning methane, methane /butane, and methane /1-butene in air at 
atmospheric pressure. The total carbon flow rate was held constant in these flames while the maximum 
amount of soot varied by a factor of seven along the centerline. Laser-induced fluorescence measurements of 
OH - were placed on an absolute basis by calibration against earlier absorption results. The primary size 
measurements of the soot particles were made using thermophoretic sampling and transmission electron 
microscopy. OH - concentrations are greatly reduced in the presence of soot particles. Whereas large 
super-equilibrium ratios are observed in the high-temperature reaction zones in the absence of soot, the 
OH concentrations approach equilibrium values when the soot loading is high. The diminished OH - 
concentrations are found to arise from reactions with the soot particles and only to a minor degree from 
lower temperatures due to soot radiation losses. Analysis of the soot oxidation rates computed from the 
primary particle size profiles as a function of time along the flame centerlines shows that OH: is the 
dominant oxidizer of soot, with O, making only a small contribution. Higher collision efficiencies of OH - 
reactions with soot particles are found for the flames containing larger soot concentrations at lower 
temperatures. A comparison of the soot and CO oxidation rates shows that although CO is inherently more 
reactive than soot, the soot successfully competes with CO for OH - and hence suppresses CO oxidation for 


large soot concentrations. 


L INTRODUCTION 


In recent years increasing attention has been 
devoted to oxidation processes in hydrocarbon 
diffusion flames due to their key role in the 
production of combustion-generated pollu- 
tants. Not only does the soot oxidation step 
determine the amount of smoke that will be 
emitted from a flame, but it also strongly in- 
fluences the quantity of carbon monoxide (CO) 
that will survive a given combustion process [1]. 
Emissions of both CO and soot particles pre- 
sent significant fire hazards, indicate poor com- 
bustion efficiency, and are objectionable from 
an environmental standpoint. 

Prior to the work of Fenimore and Jones [2] 
that elucidated the importance of OH- radi- 
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cals, soot oxidation rates were calculated using 
the expression determined by Nagle and Strick- 
land-Constable (NSC) for pyrographite oxida- 
tion [3] by assuming that molecular oxygen 
alone was responsible. Neoh et al. [4] also 
showed that OH: is the primary oxidant of 
soot in the main reaction zone of premixed 
flames and that the contribution of molecular 
oxygen is significant only when the oxygen mole 
fraction is greater than 5%. The recent study 
of Dixon-Lewis et al. [5] has reopened the 
question of whether OH - or O, is the primary 
oxidant of soot in premixed flames. They pro- 
posed a catalytic mechanism in which H atoms 
react with O, at or close to the soot surface to 
produce either OH - radicals or O atoms, which 
then more efficiently attack soot. 

Soot oxidation studies have often assumed 
that soot particles are spherical and have used 
laser light scattering and extinction measure- 
ments to obtain information on their size [6]. 


0010-2180 /94 /$7.00 


In reality, the soot particles are agglomerates 
of a variable number of smaller, uniformly 
sized, approximately spherical “primary” parti- 
cles [7]. Therefore, the assumption of spherical 
particles can result in a significant error in the 
estimation of the particle surface area and 
thus the oxidation rate. With the incorporation 
of fractal concepts, it is now possible to obtain 
a reasonable estimate of the surface area of 
agglomerated soot particles [8]. 

Despite these advances in characterizing the 
soot particle surface area, complexities exist in 
determining the fraction of the surface area 
that participates in reactions, that is, the num- 
ber of active sites. Although the concept of 
reactions at active sites is relatively new in the 
area of soot surface growth, it was proposed 
over 30 years ago to explain the heterogeneous 
reactions of various gases with carbon [9]. In 
fact the NSC expression is based on a concept 
similar to the active sites approach. Howard 
[10] has recently suggested an active site de- 
scription involving radicals for soot oxidation 
by OH - . His reevaluation of previous data [4] 
shows an interesting correlation between the 
H/C ratio in the soot and the measured colli- 
sion efficiency of soot with OH - . 

Not much is known about the nature and 
origin of active sites for either soot growth or 
oxidation processes. Tesner [11] argues that 
active sites are formed when reactive species 
collide with the incipient particle surface. Once 
formed, these sites are thought to be self-re- 
newing [12] and are not affected by coagula- 
tion, surface growth, or gas-phase chemistry 
[13]. It is not known whether the same active 
sites that participate in the surface growth 
reactions following soot inception also play a 
role in oxidation processes. Recent x-ray pho- 
toelectron spectroscopy investigations [14, 15] 
have shown adsorbed as well as chemically 


bound oxygen to be present on soot particles.. 


It has been suggested that the active sites 
include surface-adsorbed oxygenated com- 
plexes that are responsible for the catalytic 
reactivity of the carbon particles [15]. 

Our understanding of soot oxidation in terms 
of both the reactive area as well as the primary 
oxidant is still not complete. In the present 
investigation concentration profiles of the hy- 
droxvl radical have been obtained in the soot 
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oxidation regions of laminar, hydrocarbon dif- 
fusion flames using laser-induced fluorescence. 
The data have been placed on a quantitative 
basis by calibrating [16] against an earlier ab- 
sorption measurement. Soot primary particle 
size measurements have also been made using 
a thermophoretic sampling procedure [7] fol- 
lowed by transmission electron microscopy 
(TEM). The time evolution of the primary par- 
ticle profiles is used in conjunction with results 
of a fractal aggregate analysis to calculate soot 
oxidation rates. Specific attention is devoted 
here to the factors that control the OH - con- 
centrations in the soot oxidation region. 


I. EXPERIMENTAL APPROACH 


A coannular burner consisting of a 1.1-cm-di- 
ameter fuel tube and a concentric 10.2-cm-di- 
ameter air annulus [17] was used to establish 
the laminar diffusion flames. CP grade purity 
(99%) fuels were used in these studies, while 
an in-house compressor was employed to sup- 
ply the air. The air and fuel flows to the 
burners were metered with rotameters, which 
were arranged to allow mixing of two fuels. A 
fuel mixture approach was adopted in order to 
vary the soot concentration while keeping the 
total carbon flow rate constant, which ensured 
similar flame sizes and shapes. Flames burning 
methane (9.8 cm*/s) and methane (5.6 cm*/s) 
doped with either butane (1.05 cm?/s) or 1- 
butene (1.05 cm?/s) were studied. The air flow 
rate was maintained at 1300 cm?/s for all 
flames. 


A. OH - Concentration Measurement 


Figure 1 presents a schematic diagram of the 
laser-induced fluorescence measurement setup. 
The UV beam was produced by frequency dou- 
bling the output of a Nd:YAG pumped dye 
laser. The wavelength was tuned to 283.55 nm, 
which corresponds to the excitation of the Q,(8) 
line of the A?2*+ X°TI, (1,0) band of OH-. 
Excitation from the N” = 8 level minimizes 
the Boltzmann population correction with tem- 
perature (less than 5% over the temperature 
range 1400-2100 K). Since the pulse energy 
was high enough (~ 1 mJ /pulse) to easily sat- 
urate this strong transition. only the reflected 
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Fig. 1. Schematic diagram of the laser-induced fluorescence experimental setup. 


beam from the first surface of a thick piece of 
quartz (~ 0.03 mJ/pulse) was passed through 
the flame. This procedure ensured that the 
laser-induced fluorescence signals were linear 
with the laser energy. A pyroelectric joule- 
meter was placed behind the quartz plate to 
monitor the laser energy for each pulse. The 
fluorescence signal was collected at 90° with a 
cooled CCD (charge coupled device) camera 
equipped with a microchannel plate image in- 
tensifier. Glass filters placed in front of the 
camera attenuated elastically scattered light 
from the soot particles and transmitted the 
(0, 0) and (1, 1) emission bands of OH -,.as 
well as the broadband fluorescence which -has 
been attributed to polycyclic aromatic hydro- 
carbons [18]. 

The details of the experimental procedure 
have been described elsewhere [16] and are 
only briefiy outlined here. At each measure- 
ment location two one-dimensional images 
were obtained with the laser wavelength tuned 
on and off the Q,(8) excitation line of OH-. 
Relative intensity radial profiles were obtained 
from these images by binning data over several 
pixel rows in the region of interest. While the 
on-resonance profiles show signals due to OH - 
fluorescence, light scattered by soot particles, 
and PAH fluorescence. the off-resonance pro- 
files exhibit only the latter two contributions. 


Since the off-resonance images were obtained 
by tuning the laser wavelength by only 0.03 nm, 
the signals due to light scattered by soot parti- 
cles and broadband PAH fluorescence were 
unchanged. Thus, subtracting the’ off-reso- 
nance profile from the on-resonance profile 
gives the raw OH - signal even in regions where 
there are significant amounts of soot. 

The relative intensity of the OH - signal was 
calibrated using an earlier absorption mea- 
surement in a methane /air diffusion flame on 
a Wolfhard-Parker burner [19]. Detailed mea- 
surements of the major species have been ob- 
tained along the centerline for the axisymmet- 
ric flames studied here [1], and these allow a 
complete quenching correction to be made 
[19-21]. For the radial OH- profiles only an 


' approximate correction for the overall quench- 


7, 


ing rate (proportional to 1/yT) was applied 
[16], since radial species profile data are not 
available in these flames. An additional correc- 
tion must be made for determining the OH - 
concentrations along the centerline in order to 
account for the attenuation of the laser beam 
intensity by soot particles (absorption by OH - 
is less than 1% [16]). This attenuation leads to 
asvmmetric fluorescence profiles, with the 
asymmetry being greatest for the methane /1- 
butene flame which contains the largest soot 
concentrations. The OH: signal profiles have 


been corrected using local extinction measure- 
ments of the soot particle field in identical 
flames [22]. Extinction values depend upon the 
wavelength of light being used and the refrac- 
tive index of the soot particles at that wave- 
length. Since the latter quantity has not be 
obtained with certainty, the extinction profile 
measurements [22] were scaled such that sym- 
metric OH : fluorescence profiles resulted. The 
intensity of the laser beam could then be de- 
rived at each radial flame location. 


B. Soot Primary Particle Size Measurements 


A thermophoretic sampling technique similar 
to that used by Dobbins and Megaridis [7] was 
employed to measure the size of the primary 
soot particles. The thermophoretic probe con- 
sisted of a carbon-coated 200-mesh copper grid 
held in place between two strips of sheet metal, 
machined to expose the grid to the flame. The 
probe was rapidly inserted into the flame envi- 
ronment (~ 3.3 m/s) for a brief exposure du- 
ration of 50 ms before being quickly with- 
drawn. This exposure time is short enough to 
provide a cold surface to collect soot particles 
by thermophoresis as well as to quench any 
heterogeneous reactions on the captured parti- 
cles [7]. The rapid insertion and retraction 
motion was made possible by mounting the 
probe on the displacement rod of a double 
acting pneumatic cylinder. The direction rever- 
sal of this cylinder was achieved by supplying 
the driving air (at 40 psi) through a three-way 
solenoid valve controlled with a variable time 
delay relay circuit. 
Transmission electron microscopy (TEM) 
was used to examine the grids. and micro- 
graphs were obtained at a magnification of 
60,000. These micrographs were then imaged 
with a CID (charge injection device) camera 
that provided an additional, approxmately ten- 
fold magnification. The CID camera software 
was utilized to measure the primary particle 
size, d,, by locating the measurement cursor at 
diametrically opposite sides of each spherical 
primary particle and noting the coordinates. A 
minimum of 75 d, measurements were made 
at each flame location. An image of engineer- 
ing graph paper was also obtained to provide 
an absolute length calibration tor the CID 
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camera magnification. Finally, the primary par- 
ticle sizes were obtained by accounting for the 
TEM magnification. The camera images had a 
pixel resolution varying from 0.6 nm for the 
methane flame images to 1.0 nm for the 
methane/ 1-butene flame images. 


I. RESULTS 
A. OH - Concentration Measurements 


Figure 2 presents the OH - concentration pro- 
files in the 9.8-cm?/s methane/air diffusion 
flame at several axial locations above the fuel 
tube exit. The methane flame has a visible 
height of 10.7 cm, corresponding to the loca- 
tion where soot particles are completely ox- 
idized. Therefore, the OH~ concentration 
profiles at 10.2 and 11.4 cm correspond to 
locations immediately below and above the 
visible flame tip, respectively. It is interesting 
that the profile at 10.2 cm shows two OH- 
maxima and a valley in the region where the 
soot particles are being oxidized. In contrast, 
diffusion processes at this height result im max- 
ima along the centerline for all fuel-derived 
major species (such as CO,, CO, and H,O) as 
well as for the temperature. Once the soot 
particles are completely oxidized, the OH- 
concentration profile shows a single peak along 
the flame centerline at an axial position of 11.4 
cm. 
Figure 3 presents the OH- concentration 
results in the methane/butane flame. As in 
the methane flame, the OH- profiles show 
evidence of OH- consumption close to the 
flame tip. In the methane/butane flame the 
profiles at 11.4 and 12.7 cm correspond to 
locations immediately below and above the 
visible flame tip at 11.7 cm. Although diffusion 
processes result in a single maximum at the 
centerline for the temperature and the fuel-de- 
rived major species, the OH ~- concentration 
profile again exhibits two maxima at the axial 
location of 11.4 cm. Above the visible flame tip 
where there are no soot particles, the OH- 
profile shows a single peak along the center- 
line. 

Figure 4 presents the OH - concentration 
results in the methane/1-butene flame. The 
methane /1-butene flame does not have a visi- 
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Fig. 2. OH - concentration profiles in the pure methane diffusion flame at axial 
positions of 7.6, 8.9, 10.2, 11.4, and 12.7 cm from the fuel tube exit. 


ble flame tip, since it emits smoke. In this 
respect the lack of buildup of OH: along the 
centerline of this flame suggests that reactions 
between OH: and soot particles strongly re- 
duce the OH - concentrations. 


B. Soot Primary Particle Size Measurements 


Figure 5 presents the volume mean diameter, 
30> as a function of time along the centerline 
of the methane, methane/butane, and 
methane/1-butene flames. The values of d,49 
were determined from the d, measurements 
by taking the cube root of the averaged value 
of pe Also shown in Fig. 5 are the soot 
volume fraction measurements, f,, [22]. Veloc- 
ity data obtained from laser velocimetry mea- 
surements in identical flames [22] were used to 
convert the axial positions to time. The pri- 
mary particle size in the methane and the 
methane / butane flames decreases rapidly and 
shows a convex upwards shape, consistent with 
particle burnout. In contrast, the methane/ 1- 
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butene flame shows a concave upward shape, 
and the particle sizes approach a constant 
value. This behavior is consistent with smoking 
conditions. 

The soot volume fraction measurements 
shown in Fig. 5 are related to the volume mean 
diameter through the number concentration of 
the primary particles N,: 

bie Oe 

fo = | 4p Np- (1) 
In the present analysis N, is assumed to be 
constant along the flame centerline. This as- 
sumption is based on (1) the results of a fractal 
aggregate analysis [8] applied to a laminar 
ethene/air diffusion flame along a nearly iso- 
thermal streamline passing through the loca- 
tion of the maximum soot volume fraction [23], 
(2) the small temperature variation (less than 
250 K) observed in the soot oxidation region of 
the flames studied here, and (3) the narrow 
size distribution of the primary particle size at 
each measurement location. . 
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Fig. 3. OH - concentration profiles in the methane /butane diffusion flame at axial 
positions of 7.6, 8.9, 10.2, 11.4, and 12.7 cm from the fuel tube exit. 


Assuming that there is no slip between the 
particles and the hot combustion gases, a + 125 
K temperature variation at 1500 K will cause 
the number concentration of primary particles 
to change by less than +10% (as determined 
from the temperatures and the ideal gas law). 
The radial temperature profiles in the oxida- 
tion region of the flames studied exhibit tem- 
perature gradients less than 66 K/mm near 
the centerline. An effective upper limit of the 
lateral thermophoretic displacement of soot 
particles, as they traverse the region studied, is 
estimated to be only 0.08 mm. Due to their 
large mass, transport of soot particles by diffu- 
sion is negligible. 

The size distribution of the primary particles 
at each measurement location in this study is 
narrow (+ 18%), suggesting that each primary 
particle at a given location in the flame grows 
and oxidizes at roughly the same rate. There- 
fore, the assumption of a constant primary 
particle number concentration N, should hold 
for our conditions. 


Data in the methane /butane flame support 
the relative constancy of Np» which has also 
been reported by others along convective 
streamlines in premixed propane /oxygen [24] 
and ethene/air laminar diffusion [25] flames. 
In the methane flame there are insufficient 
soot volume fraction data for a similar check. 
For this flame the soot volume fraction, f,,, and 
the d,49 results overlap in time only near 0.115 
s (Fig. 5). Here the shape of the profiles, i.e., 
the small rate of change with respect to time, 
suggests that both f, and d,, are close to 
their maximum values along the centerline. 
For the methane /1-butene flame the measure- 
ments indicate a significant increase in N,, 
particularly at earlier times where the soot 
volume fraction increases. whereas the primary 
particle size decreases. However, this may be 
an artifact of the thermophoretic sampling 
procedure because the annular soot volume 
fraction in the methane/i-butene flame is 
more than a factor of two higher than the 
centerline values at the earlier times examined 


26 


THE OXIDATION OF SOOT AND CARBON MONOXIDE 


1.00 
~~ 
= 0.75 
So 
> 
ra) 
E 
0 
N 
3S 0.50 
=| 
oO 
2 
fo] 
E 
—wZT 
| em | 
5 0.25 


-10 


in ©" = soot oxidation region. Thus, the center- 
line TEM samples may have been contami- 
nated with soot particles from the annular 
region which contains larger primary particles. 
Of the flames studied here such a situation 
occurs in the oxidation region only for the 
methane /1-butene flame. In the methane and 
methane /butane flames, the soot volume frac- 
tion peaks at the centerline for the axial posi- 
tions examined in the oxidation region. At 
radial locations corresponding to the rapidly 
oxidizing annular soot region, the soot volunie 
fraction is lower than the centerline values by 
up to a factor of seven. This discussion is 
relevant when considering the collision effi- 
ciency of OH - with soot (see section IV.D). 


IV. DISCUSSION 


The OH~ measurements in the methane, 
methane/ butane, and methane/1-butene 
flames show that the OH- concentration is 
suppressed in the presence of soot particles. 


0 
Radial Position (mm) 


Fig. 4. OH: concentration profiles in the methane/1-butene diffusion flame at 
axial positions of 7.6, 8.9, 10.2, 11.4, 12.7, and 14.0 cm from the fuel tube exit. 
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The larger the soot concentration, the greater 
the effect upon the OH: levels due to its 
apparent consumption in the soot oxidation 
region. Thus, soot particles are likely to reduce 
the amount of OH: available for CO oxida- 
tion. Prior investigations have also shown that 
the yield of CO from hydrocarbon diffusion 
flames is closely related to the measured soot 
concentrations within the flame, with larger 
CO concentrations surviving at the higher soot 
loadings [1, 26]. For the flames of the present 
study the CO concentration measurements 
have been made primarily along the centerline 
[1]. Thus, attention will be focused on center- 
line measurements in the oxidation region. 


A. Superequilibrium OH - Concentrations 


Figure 6 shows the OH - concentration results 
along the centerline as a function of the axial 
position above the fuel tube exit. The error 
bars represent the standard error of the 22 
pixel measurements that constitute the approx- 
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Fig. 5. Comparison of the soot volume fraction, f,, (solid symbols), and the primary particle volume mean 
diameter, d,., (open symbols), as a function of time along the centerline in the three flames. The data for 
a, correspond to axial centerline positions of 7.6-9.5 cm in the pure methane flame (©, @); 7.6-11.4 cm 
in the methane /butane flame (0, @); and 7.6-15.2 cm in the methane/1-butene flame (v, wv). The 
arrows on the time axis denote the visible flame tip locations of the methane and the methane /butane 


flames. 


imately constant signal about the centerline 
(+1 mm). These statistical uncertainties are 
smaller than the symbol size for the methane 
and methane /butane flames where the OH- 
concentrations are high and the signal-to-noise 
ratios are large. Also presented in Fig. 6 are 
the centerline measurements of temperature, 
soot volume fraction, and CO for the three 
flames of this study. 

Figures 2-4 and 6 clearly show that as the 
soot concentration increases (going from the 
methane to the methane/butane to the 
methane /1-butene flame), the centerline OH - 
concentration decreases. The peak centerline 
soot volume fractions are 0.76, 2.6, and 5.5 
ppm in the methane, the methane /butane, 
and the methane/1l-butene flames, respec- 
tively [22]. A noteworthy feature of Fig. 6 is 
that the OH concentrations in the methane 
and the methane/butane flames reach approx- 
imately the same value along the centerline 
once the soot particles are completely oxidized. 
At an axial location of 12.7 cm the centerline 
temperatures (1610 K and 1549 K) and the 
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local stoichiometries (0.84 and 0.86) are also 
closely similar in these two flames (see also 
Table 1). 

The centerline and peak OH - concentration 
data have also been compared with equilib- 
rium predictions [27]. These results are of par- 
ticular interest to investigators modeling the 
soot oxidaton process [28-31] since radical 
concentrations thus far have been either esti- 
mated from equilibrium considerations or as- 
sumed. Here, the equilibrium OH - values were 
calculated using the measured temperatures 
and the local equivalence ratio obtained from 
the species concentration measurements [1]. 
Table 1 presents the results along with the 
local flame conditions (T and @) at each mea- 
surement location. With increasing height and 
decreasing @¢, the superequilibrium OH - levels 
decrease along the centerline for all flames. It 
is interesting to note in the methane /1-butene 
flame that emits smoke the OH - concentration 
along the centerline quickly approaches the 
equilibrium prediction at the higher measure- 
ment locations where @ < 1. For axial loca-. 
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Fig. 6. Centerline OH - concentration profiles in the three flames; the error 
bars denote statistical uncertainties only (see text). Also shown are the 
radiation corrected thermocouple temperature, soot volume fracton, and CO 
measurements. The symbols for the methane ( @ ), methane /butane (® ), and 
methane / |-butene ( v ) flames are the same for each panel. 
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TABLE 1 


Summary of Flame Measurements Obtained Along the Centerline and at the Location of the Peak OH - Concentration 
for Various Heights H (cm) Above the Fuel Tube Exit’ 


Centerline Location of Peak OH - 

Flame H ti) T (OH - ];, SR T [OH - }e, SR 
CH, 7.62 1.21 1712 2.1E14 55 1748 1.0E16 6.2 
8.89 1.06 1774 2.2E15 14 1799 7.9E15 3.6 

10.2 0.99 1798 5.0E15 4.1 1742 5.7E15 3.6 

11.4 0.92 1690 4.9E15 48 1690 4.9E15 4.7 

12.7 0.84 1610 2.3E15 33 1610 2.3E15 3.3 

CH,/C,Hio 7.62 1.19 1494 1.5E14 69 1718 9.3E15 6.9 
8.89 1.06 1634 4.3E14 15 1658 7.4E15 8.0 

10.2 1.01 1660 1.6E15 16 1611 6.1E15 9.1 

11.4 0.96 1653 4.4E15 6.6 1610 4.7E15 7.1 

12.7 0.86 1549 2.8E15 6.6 1549 2.8E15 6.7 

CH,/1-C,H, 7.62 1.16 1403 8.2E13 154 1560 8.0E15 17.4 
8.89 1.06 1469 1.0E14 37 1444 5.8E15 32.2 

10.2 0.99 1435 2.0E14 22 1377 3.2E15 32.2 

11.4 0.93 1352 1.8E14 27 1293 1.8E15 43.0 

12:7 0.85 1283 4.6E13 12 1242 1.1E15 48.9 

14.0 0.77 1236 2.7E12 0.1 1192 5.3E14 422 


“ The OH - number densities (molecules /cm?), local stoichiometries , temperatures T (K), and superequilibrium OH - 
concentration ratios (SR) are shown. For the peak OH - results, a local stoichiometry of @ = 0.85 has been assumed [16]. 


tions where the peak OH - concentrations oc- 
cur in the annular region, greater departures 
from the equilibrium predictions, calculated at 
an assumed stoichiometry of ¢ = 0.85 [16], are 


observed as the soot concentration increases | 


(see Table 1). The same qualitative result has 
been observed for the maximum OH - concen- 
trations measured in a series of ethene /air 
diffusion flames in which the soot volume frac- 
tion was varied [16]. 
Table 1 shows that while the peak OH- 
concentration in the methane /1-butene flame 
exhibits larger superequilibrium values, the 
centerline OH-~ concentrations are closer to 
equilibrium values for ¢ < 1 than in the other 
flames of this study. This result can be ration- 
alized as follows. As the soot concentration 
increases in a hydrocarbon diffusion flame, the 
temperatures decrease due to heat loss by ra- 
diation. Apparently, the concentrations of the 
major radicals (OH - , O:, and H- ), which are 
controlled by fast, bimolecular shuffle reac- 
tions and three-body recombination reactions, 
do not adjust quickly to the lower tempera- 
tures. Thus. with increasing soot concentra- 
tions and lower flame temperatures, larger 
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superequilibrium OH - concentrations are ob- 
served at the location of peak OH - concentra- 
tion. Note that there are no soot partcles in 
this region. Within the envelope of the visible 
flame the lower superequilibrium ratios can be 
ascribed to the presence of soot particles. The 
large soot surface area can serve as a sink for 
the radical pool in two ways: as a reactive 
partner and/or as a chaperon, M, for the 
three-body recombination reactions. 

Carbon has been reported by Mulcahy and 
Young [32] to efficiently catalyze the recombi- 
nation reaction of OH - with H atom at 298 K. 
These workers report a lower limit of 0.04 for 
the collision efficiency between OH - and soot, 
Nlon.<» for the catalyzed recombination reac- 
tion: 

H- + OH:'+ C— HO + C; 


This reaction was assumed to be first order in 
the OH - concentration and zero order in the 
H-atom concentration [32]. If we assume 
the same value of the collision efficiency for 
our conditions, the normalized reaction rate 
of OH: (determined from w o;,./[OH-: }) is 
17.510 s~' in the methane /1-butene flame at 
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the centerline for an axial position of 8.89 cm; 
the temperature is 1469 K. At the same loca- 
tion wo;./[OH - ] for the termolecular recom- 
bination reaction in the gas phase 


H+ OH- + Mt H5O'+:M 


is calculated to be only 9 s~!. Here the H-atom 
concentration was obtained from the OH -, 
H,, and H,O concentration measurements by 
assuming equilibration of: 


H- +H,O s OH- +H). 


Appropriate rate constants were obtained from 
the work of Baulch et al. [33]. This analysis 
indicates that the presence of soot particles 
reduces the local OH: concentration and can 
cause a more rapid adjustment of superequilib- 
rium OH - levels toward equilibrium values. 


B. Thermal versus Chemical Effects on the 
OH - Concentration 


Consideration will now be given to the factors 
that affect the OH- concentrations in these 
flames. Figures 2-4 and 6 show a strong de- 
pendence of the OH- concentration upon the 
local soot concentration. From equilibrium cal- 
culations one finds that the OH- concentra- 
tion depends on both the temperature and on 
the local stoichiometry, ¢. It is also possible 
that the amount of CO, which is not uniquely 
related to ¢ [1], will affect the OH - concentra- 
tion. Therefore, the OH - concentration can be 
functionally represented as follows: 


[OH -] = f(¢, T, [Soot], [CO}). 


The relative contributions of thermal versus 
chemical effects on the OH - concentration are 
difficult to establish in flames, where the con- 
trolling parameters are highly coupled. For ex- 
ample, as the soot concentration increases, the 
temperature decreases due to radiative heat 
transfer. Hydrocarbon diffusion flames, there- 
fore, do not offer the opportunity of holding 
one parameter fixed and varying the others. 
However, estimates of thermal versus chemical 
effects can still be made. Equilibrium predic- 
tions of the OH concentration show a weak 
dependence on @ in the fuel lean region (¢ < 


(2). 
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0.95). Therefore, Eq. 2 can be rewritten as 


[OH -] = f(T, [Soot], [CO]) (3) 
for @ < 0.95. The OH: concentration as a 
function of the temperature alone can be es- 
tablished at the locations of the maximum OH - 
concentration and at greater radial locations 
where ¢ < 0.85. Here there are no soot parti- 
cles present, and the CO concentration is ei- 
ther very low or undetectable (< 100 ppm). 
Figure 7 plots the temperature dependence of 
the OH : concentration in the methane /butane 
and the methane/1-butene flames. The steep 
gradients in both the OH: concentration and 
the temperature measurements require careful 
alignment of their respective profiles for this 
analysis. The values of the OH- concentra- 
tions presented in Fig. 7 are averages of up to 
five measurements at the same temperature 
but for different radial profiles. The uncertain- 
ties in the OH: concentrations are estimated 
to be as much as + 50% from the scatter of the 
values about their mean. 

There are two major mechanisms which con- 
trol OH - concentrations in the oxidation re- 
gion of hydrocarbon diffusion flames, namely 
thermal quenching due to radiation losses 
(thermal effect) and reactions of OH: with 
soot particles and CO (chemical effect). These 
can be examined by comparing the [OH] = 
f(T) data from Fig. 7 with [OH -] =f(7, 
{Soot],{(COD for @ < 0.95 obtained from the 
centerline profiles shown in Fig. 6. The 
methane / butane and the methane /1-butene 
flames have been selected for this analysis 
since the measured values of the local stoi- 
chiometry as a function of the axial location 
are closely similar in these flames. If 


renee _ f(T, [Soot], [Co}) 
eet) 2 ~ F(T, [Soot], [CON ’ 


(4) 


where the subscripts 1 and 2 represent the 
flames methane/butane and methane/1-bu- 
tene, respectively, then the relative contribu- 
tion of thermal quenching to the observed 
decrease of the OH- concentration in the 
methane /1-butene flame is the ratio F,/F3. 
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Fig. 7. The dependence of the OH - concentration on the temperature in the methane /butane and the 
methane /1-butene flames for @ < 0.85 obtained at the location of the maximum OH - concentrations and 


in leaner flame regions. 


Table 2 summarizes the values of F,, F, 
F,/F, for three temperature ratios 7,/T, at 
@ < 0.95 in these two flames. Since a common 
temperature regime was not available for @ < 
0.95 along the centerline, a temperature ratio 
approach has been used. As this temperature 
ratio increases, both F, and F, increase. How- 
ever, the ratio F,/F, does not show any sys- 
tematic change and is approximately 0.07, 
which indicates that the contribution of ther- 
mal quenching to the observed decrease of the 
centerline OH: concentration is only 7% in 
the methane/1-butene flame. In light of the 


TABLE 2 


Evaluation of the Relative Contribution of Thermal 
Quenching to the Observed Decrease in the OH - 
Concentration Along the Centerline of the 
Methane /1-Butene Flame? 


T,/T, Fs F, F,/F 
1.19 1.86 22.9 0.08 
1.22 2.25 24.2 0.09 
1.28 3.72 93.6 0.04 


“1, methane /butane flame; 2, methane /1-butene fiame. 
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uncertainty in establishing [OH - ] = f(T), this 
value could be in error by +50%. Neverthe- 
less, this analysis indicates that the consump- 
tion of OH~- by soot and/or CO is mainly 
responsible for the low OH - concentration in 
the central region of the methane/1-butene 
flame (see Fig. 4). 


C. Soot Oxidation Rates by OH - and O, 


An evaluation of the competition between soot 
and CO for oxidizing species requires knowl- 
edge of their individual oxidation rates, partic- 
ularly due to OH -. The reaction rate for soot 
particles can be expressed in terms of the 
temporal evolution of the soot volume frac- 
tion: 


df. 

dt ? 
where p is the density of the soot particles. 
This rate can also be characterized from the 
time dependence of the d, profiles by substi- 
tuting f,. from Eq. 1 into the above expression. 
Treating N, as constant along a streamline 


Rgoor =p (5) 
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and assuming p= 1.8 g/cm? (150 kmol/m° 
for an atomic weight of 12) gives 


d(d,3) 


of (6) 


Root = 235.6N,d?,, 


where the units of Ri, N,, d,,, and 
d(d,.,)/dt are kmol/m’-s, cm~*, cm, and 
cm/s, respectively. The assumption of a con- 
stant soot particle density is based upon the 
observation that no internal cavities are de- 
tected in soot particles collected from the oxi- 
dation region of diffusion flames [25]. Further- 
more, there exist no experimental data to indi- 
cate a change in density of soot particles in this 
region. 

The number concentration of primary parti- 
cles, N,, calculated from consistent f, and d, 
measurements, is almost a factor of two lower 
in the methane flame (2.1 x 10’ cm~*) than 
that in the methane/butane and the 
methane/1-butene flames (3.7 x 10! cm~?). 
The slope of the d,_ profile as a function of 
time is evaluated from a combination of sec- 
ond-, third-, and fourth-order polynomial fits. 
For the methane and methane/butane flames 
the fits also include the fact that the diameter 
of the primary particles must approach zero at 
the location of the visible flame tip (see Fig. 5). 
This procedure ensures a more accurate slope 
at the last temporal measurement locations. 
For the earliest time in the methane flame, 
however, the slope of the d,, profile is quite 
uncertain since the primary particle size is 
expected to be close to its maximum value (see 
section III. B). Employing the fitting procedure 
just described in conjunction with Eq. 6 gives 
the net reaction rate (growth as well as oxida- 
tion) due to all species. Note that the use of d, 
measurements in conjunction with Eq. 6 is a 
more direct way of determining the soot oxida- 
tion rate than Eq. 5 and the soot volume 
fraction measurements. The d,, results are pre- 
ferred since the local soot volume fraction is 
obtained from tomographic inversion of laser 
light extinction data, which can result in signif- 
icant uncertainties at the centerline. 

The soot oxidation rate can be obtained 
from the temporal evolution of the d,_ pro- 
files only at locations where soot growth species 
(ie., hydrocarbons) are absent. In this region, 
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which is typically fuel lean, the soot oxidation 
rate due to OH: can be determined by sub- 
tracting contributions due to other oxidizing 
species. For the conditions of this study the 
equilibrium O-atom concentration is calcu- 
lated to be 2-3 orders of magnitude lower than 
the equilibrium OH- concentration. There- 
fore, the relative contribution of O atoms to 
the total soot oxidation rate is expected to be 
small, even though superequilibrium O-atom 
concentrations are likely [19] and the collision 
efficiency for the oxidation of soot by O atoms 
is high [34]. In the present analysis the only 
oxidizing species are assumed to be OH - and 
Q,. 

Based upon these considerations, the soot 
oxidation rate due to OH - alone is given by: 


d[Soot] 
dt 


d[Soot] 
la 


d[Soot] 
at 


? 


OH: meas 


(7) 


where the oxidation rate due to O, is esti- 
mated from the Nagle and Strickland-Consta- 
ble (NSC) expression [3]. These OH - and O, 
contributions to the observed soot oxidation 
rate are presented in Fig. 8 and show that the 
contribution of O, to the observed soot oxida- 
tion rate is small throughout the oxidaton re- 
gion in all three flames studied. 

Use of the NSC expression to estimate the 
O, contribution to the soot oxidation rate is 
subject to some uncertainty. Numerous investi- 
gators [35-39] have compared experimental ox- 
idation rates of various carbons with the NSC 
expression and report rates that range between 
a factor of 20 lower to a factor of 6 higher than 
that given by NSC values. However, the trend 
in the reported comparisons suggests that the 
NSC expression overpredicts the O, contribu- 
tion to soot oxidation at lower temperatures 
and possibly underpredicts O, contributions at 
higher temperatures (see below). Of particular 
interest is recent work on the oxidation of soot 
[35] and synthetic chars [36] by O, that indi- 
cates the use of the NSC rate expression over- 
estimates the O, oxidation rate at tempera- 
tures below 1800 K. Note that the centerline 
temperatures in the methane, methane / 
butane, and methane /butene flames range ve- 
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Fig. 8. Plots of the observed centerline soot oxidation rate, shown as a solid line. 
The contribution of O, as determined by the NSC expression (open symbols) and 
the derived soot oxidation rate due to OH - (from Eq. 7; solid symbols connected 
by dotted curve) are shown for the pure methane (©, @), the methane /butane 


(O, @) and the methane /1-butene (v, wv) flames. 


tween 1610-1798 K, 1494-1660 K, and 
1236-1469 K, respectively (see Table 1). 

Chan et al. [35] studied the low-temperature 
oxidation of soot in a propane diffusion flame 
and the oxidation of collected soot in an O,/N, 
environment using an isothermal thermogravi- 
metric technique. The oxidation rate of soot in 
the thermogravimetric study was an order of 
magnitude lower than that predicted by the 
NSC rate for a temperature of ~ 1100 K. At 
the same temperature these workers [35] re- 
port good agreement wth the NSC rate for the 
diffusion flame study in which the soot oxida- 
tion rate was attributed completely to O, reac- 
tions. However, using an estimated equilibrium 
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concentration of OH: for the conditions of 
their diffusion flame yields a soot oxidation 
rate (assuming a collision efficiency of 0.1 [4]) 
that is 3 times faster than the NSC rate. Thus, 
it is likely that OH - reactions were important 
in their propane diffusion flame and the soot 
oxidation rate due to O, was overestimated by 
Chan et al. [35]. 

The work of Levendis et al. [36] on synthetic 
chars reports good agreement with the NSC 
rate only at higher temperatures (1800-2300 
K). These workers observed oxidation rates to 
be 20 times lower than the NSC rate in the 
temperature range 800-1600 K. They ascribed 
the increase in reactivity of the chars above 
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1600 K to graphitization, which increased the 
total surface area. Felder et al. [37] also find 
the NSC expression to overpredict the oxida- 
tion kinetics of carbon blacks in the 1300-1700 
K temperature range. In the upper tempera- 
ture regime (i.e., above the apparent graphiti- 
zation temperature of 1600 K reported by Lev- 
endis et al. [36], Cadman et al. [38] report a 
factor of 6 higher soot oxidation rates com- 
pared with the NSC rate. In addition, Park and 
Appleton [39] justified the use of the NSC 
expression for soot oxidation based on shock 
tube experiments at higher temperatures 
(1700-4000 K). 

In light of the studies cited above, the use of 
the NSC rate probably overestimates the soot 
oxidation rate due to O, in the oxidation re- 
gion of the flames investigated here. This would 
give a larger contribution of OH- to the ob- 
served soot oxidation rate, but the increase 
would be slight since the O, contribution is 
already small (Fig. 8). 


D. Collision Efficiencies of OH - with 
Soot Particles 


The soot oxidation rate due to OH- is often 
discussed from a fundamental kinetic theory 
viewpoint, which incorporates a collision effi- 
ciency parameter. This parameter is defined as 
the fraction of collisions that result in a carbon 
atom being removed from soot. Thus, the colli- 
sion efficiency 7 is simply a means of matching 
the observed soot oxidation rates with the fol- 
lowing expression obtained by considering OH - 
to be an ideal gas colliding with a soot surface: 


Roo = (4.6 X 107 '8d,"N,[OH WT). (8) 


Here R,,,, is expressed in kmol/m?-s and the 
units of d,, Np [OH -], and 7 are cm, cm~?, 
molecules/cm’, and degrees Kelvin, respec- 
tively. Estimates of the collision efficiency can 
be obtained by equating Eqs. 7 and 8. 

Table 3 summarizes the values of 7 deter- 
mined in the three flames at the various mea- 
surement locations. The asterisks denote ei- 
ther regions where soot particle growth is tak- 
ing place (for example, in the methane /butane 
flame) or regions where the estimated contri- 
bution due to O, is greater than the total soot 
reaction rate (in the methane /1-butene flame). 
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TABLE 3 


Summary of the Collision Efficiency, n, Between Soot 
and OH - Obtained in the Three Flames as a Function 
of Time Along the Centerline Streamline* 


Methane Methane/Butane Methane /1-Butene 


Time(s) toy. Time(s) toy. Time(s) noy. 
0.114 0120 0.119 4 0.126 0.65 
OTie, 0.045. 0.122 2 O15 1m 0.37 
0.120 0.030 0.124 0.044 0137 0.13 
0.122 0.050 0.127 0.065 0.141 0.10 

& sa 0.129 0.070 0.146 0.18 
7s c 0.132 0.079 0.151 x 
— foe 0.134 0.140 7 ~ 


*—, no measurements; *, 7 for OH - cannot be deter- 
mined. 


The first data point in the methane flame 
yields a higher value for 7 than at later times. 
As mentioned earlier (section III.B), here the 
value of d,, should be close to its maximum 
along the centerline, and thus the net soot 
reaction rate should be close to zero. The 
other calculated values of 7 are roughly con- 
stant for the methane flame, with the average 
value being 0.04. 

In the methane/butane flame the collision 
efficiency shows an increase with time. The 
average of all the determinations is 0.08. For 
the methane /1-butene flame the collision ef- 
ficiencies are found to be the highest. How- 
ever, the first two values are unrealistically 
large and are likely to be in error due to the 
uncertainty in collecting samples across the 
high soot volume fraction annular region (see 
section III.B). Omitting these two values, the 
average collision efficiency between OH - and 
soot is 0.14. 

The collision efficiencies determined for 
these flames fall within the range of values 
reported in prior investigations. Neoh et al. [4] 
measured an average value of 0.13 based on 
the primary particle size. The data of Roth 
et al. [40] exhibit large scatter for 7, ranging 
from 0.1 to more than 0.3. Note that in both of 
these studies the OH: concentration was not 
measured directly. Neoh et al. obtained the 
OH: concentration from a partial equilibrium 
estimate. and Roth et al. utilized the H,/air 
mechanism given by Warnatz [41]. Mulcahy 
and Young [32] determined an effective upper 
limit of 7 for the gasification of carbon to be 


0.08. These workers generated OH: by the 
following reaction: 


H- + NO, — OH: + NO 


and obtained the OH - concentration by mea- 
suring the equimolar concentration of NO with 
a mass spectrometer. 

The collision efficiency results described 
above reveal some interesting features. Not 
only do the derived collision efficiencies gener- 
ally increase with time as soot oxidation pro- 
ceeds, they also are larger in the flames with 
more soot. Figure 9 presents a striking correla- 
tion of the selected values of 7 with residence 
time; the collision efficiency increases at a rate 
of 4.8 + 0.8 x 10-?/ms. This result suggests 
that either (a) the soot particle reactivity 
changes with time, and/or (b) other oxidizing 
species are important. The inclusion of addi- 
tional species in Eq. 7 would reduce both the 
soot oxidation rate due to OH - and its colli- 
sion efficiency 7. 

The soot particle reactivity is known to 
change in the growth region of hydrocarbon 
flames [42-44]. This observation has been in- 
terpreted in terms of the concept of active 
sites. The growth of soot particles is argued 
[11] to accelerate after the inception region 
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due to collisions of reactive species with the 
particle surface which produce active sites. At 
later times the reactivity of the soot particles 
changes due to thermal annealing or radical 
site stabilization processes (12, 13]. The model- 
ing results of Frenklach and Wang [45] indi- 
cate that the fraction of surface sites available 
for reaction (a) is lower at higher tempera- 
tures. They conclude that a@ is determined by 
steric effects, with the mobile soot particle 
crystallites aligning themselves to limit access 
to gaseous species at higher temperatures. The 
collision efficiencies determined here are plot- 
ted as a function of temperature in Fig. 10 and 
reveal a slow decrease at a rate of —2.2 + 0.6 
x 10-7/100 K. In terms of active sites, the 
collision efficiency should reflect the fraction 
of surface sites that are active (a). The varia- 
tion of 7 with temperature shown in Fig. 10 is 
consistent with fewer active sites being present 
at higher temperatures. 

A second possible explanation for the appar- 
ent change in soot particle reactivity involves 
the presence of oxidizing species other than O, 
and OH: considered here. Dixon-Lewis et al. 
[5] have proposed a mechanism in which radi- 
cals catalyze attack by molecular oxygen. In 
their scheme the OH: radicals or O atoms, 
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Fig. 9. Plots of the collision efficiency, 7 (solid symbols). and the O. mole fraction (open symbols) as a 
function of residence time along the centerline of the methane (©, @), methane/butane (0, @), and 
methane /1-butene flames (v. w). The line is a linear least squares fit to the collision efficiency data. 
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Fig. 10. Plot of the collision efficiency, 7m, estimated from the soot oxidation rates and the OH: 
concentrations as a function of temperature in the methane (@), methane /butane (@), and methane /1- 
butene (v ) flames. The line is a linear least squares fit to the data. 


formed from the reaction of molecular O, with 
H atoms, attack carbon more effectively than 
O,. This explains the observed increased oxi- 
dation rate of graphite introduced into the 
main reaction zone of premixed flames. Figure 
9 includes O, concentration data along with 
the calculated values of 7 as a function of 
time. The O, concentrations do not change 
substantially at early times (and at the higher 
temperatures). The H-atom concentration is 
expected to exhibit a maximum value near 
¢ = 1.0 [19]. Thus, the H-atom concentration 
should be decreasing for the last two points in 
the methane/butane flame and the three 
points in the methane/1-butene flame (see 
Table 1). Although the data for the methane / 
1-butene flame show larger O., concentrations, 
the temperatures are much lower and so Is the 
expected H-atom concentration. Thus, the cat- 
alytic mechanism does not account for the 
observed increased reactivity over the whole 
range of our experimental conditions. 

In summary, the observed increase in the 
collision efficiency of soot oxidation by OH- 
with time most likely arises from an increasing 
reactivity of the soot particles. It is interesting 


to note that the flames that form more soot 
(possibly due to a larger fraction of active sites, 
a) also exhibit larger collision efficiencies with 
OH:-. At this poimt one cannot determine 
whether the increased reactivity is a result of 
(1) the lower temperatures in more highly soot- 
ing flames and hence an increase fraction of 
surface sites available for reaction due to 
greater access to gaseous species, as proposed 
by Frenklach and Wang [45], or (2) the fact 
that a greater number of active sites, which 
originate in the inception zone and produce a 
larger soot concentration, are still available in 
the soot oxidation region and are involved in 
oxidation reactions. 


E. Competition for OH - between CO and Soot 


The competition between CO and soot for 
OH - can be evaluated by comparing the soot 
oxidation rate computed from Eq. 8 with the 
forward rate of the CO + OH: reaction [46]: 


d{CO] 
——_ = 1.5 x 10*T!3¢38°/ TTCOJ[OH -], 


dt 
(9) 


a 


where d[CO]/dt is given in kmol/m*-s. The 
collision efficiency values for this analysis have 
been obtained from the linear least squares fit 
shown in Fig. 9. Since both the CO and soot 
oxidation rates have a first-order dependence 
on their respective concentrations, it is also 
appropriate to compare their normalized rates. 
If we consider 


d(CO] 
F spe, Al and 
3 d{Soot] 
at 
1 a(CO] 
[Cold 
F, = aa eee a Sooclia (10) 
[Soot] * dt 


then the ratio F; is an indication of the amount 
of competition between CO and soot for OH -. 
For example, a value of F,; = 1 implies an 
equal probability that an OH- molecule will 
react with CO or soot. The ratio F, reflects the 
intrinsic reactivity of OH- with CO vs. soot 
and is a function of the collision efficiency 7, 
the primary particle size d,,,, and the tempera- 
ture T (see Eqs. 1, 8, and 9): 


d T 980386/T 
F,« rs ro (11) 


The direct dependence of F, on the primary 
particle size is intuitively understandable, since 
for the same soot volume fraction a larger d, 
will result in a smaller soot oxidation rate due 
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to the decreased surface area. With increasing 
temperature the ratio F, increases due to a 
higher inherent reactivity of CO and a lower 
inherent reactivity of soot (smaller 7). 

Table 4 summarizes the ratios F; and F, 
determined for the three flames at various 
values of the residence time. The methane 
flame shows the least competition between CO 
and soot for OH -, as reflected by the high 
values for F, and F,. The OH: + CO rate is 
far larger than that for OH- + soot. This is 
due both to a low soot reactivity (Table 3) and 
to the low soot concentration. As the soot 
concentration increases in the methane/ 
butane and methane/1-butene flames, the 
competition between CO and soot for OH: 
increases. In the methane /1-butene fiame, the 
soot oxidizes faster than CO at all but the two 
earliest residence times shown in Table 4. With 
increasing time in all of the flames, an increas- 
ing value of 7 increases the OH - + soot oxi- 
dation rate relative to the OH- + CO rate. 
This is reflected by the decreasing values of F, 
with time. Although CO is mtminsically more 
reactive with OH - than with soot in all of the 
flames of this study (ie., the F, values are all 
greater than 1), its oxidation is suppressed in 
the presence of large soot concentrations. This 
is most evident in the methane /1-butene flame. 


Vv. CONCLUSIONS 


Measurements of the hydroxyl radical concen- 
tration and the size of the primary soot parti- 
cles have been made in a series of hydrocar- 
bon/air diffusion flames containing varying 


TABLE 4 


Summary of the Ratio of the CO Oxidation Rate to the Soot Oxdation Rate (F;) and the Ratio of the Normalized 
CO Reaction Rate to the Normalized Soot Oxidation Rate (F,) in the Three Flames 


Methane Methane / Butane Methane / 1-Butene 

Time (s) F, F, Time (s) F, F, Time (s) F,; F, 
0.114 82.7 25.3 0.119 13.6 12 0.126 231 10.0 
0.117 42.6 13.1 0.122 6.3 10.3 0.131 1.13 71 
0.120 21.9 8.9 0.124 3.7 8.0 0.137 0.47 ofr 
0.122 12.3 5.9 0.127 1.9 6.7 0.141 0.23 4.2 
— _ _ 0.129 fi! 5.3 0.146 0.13 3.4 
— — = 0.132 0.9 4.1 0.151 0.07 3.0 

— = ~ 0.134 0.9 all _ — _- 
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amounts of soot. The observed OH - concen- 
trations are suppressed in the presence of soot 
particles. A comparison of the fuel lean OH - 
concentrations in the presence and absence of 
soot particles reveals that the OH - concentra- 
ton is reduced primarily due to reactions with 
soot rather than as a consequence of the lower 
flame temperatures measured for the higher 
soot loadings. The effect of lower temperatures 
on the OH- concentration is comparatively 
small, accounting for only 7% + 4% of the 
measured decrease in the OH - concentration. 

The soot oxidation rates computed from the 
primary particle size profiles as a function of 
time reveal interesting trends for the soot par- 
ticle reactivity. Higher collision efficiencies are 
deduced for the flames containing larger soot 
concentrations at lower temperatures. The 
variation of the collision efficiency with tem- 
perature suggests that fewer active sites per 
unit surface area exist at higher temperatures. 

A comparison of the soot and CO oxidation 
rates shows that although CO is inherently 
more reactive than soot on a per carbon basis, 
for large soot concentrations the soot success- 
fully competes with CO for OH: and hence 
suppresses CO oxidation. The soot oxidation 
rates due to OH - were obtained by subtracting 
the contribution due to O, (determined from 
the Nagle Strickland-Constable expression [3]) 
from the observed rates. Although the NSC 
expression is likely to overestimate the soot 
oxidation rate due to O, under the conditions 
of this study, the contribution of O, to the soot 
oxidation rate is found to be small compared 
with that due to OH-. 
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ABSTRACT 


An investigation of the generation of CO and smoke for under-ventilated laminar diffusion flames has 
revealed both strong similarities and differences with studies considering over-ventilated conditions. In particular, the 
proportionality between smoke yield and CO yield observed for the post-flame (over-fire) region of over-ventilated 
flames for a wide range of fuels is not found to be valid for the under-ventilated case. In fact, the soot observed in 
the under-ventilated flames is observed to vary considerably in terms of the chemical structure from that typically 
observed in over-ventilated flames. The highly organic nature of the soot implies that the structure of the soot may 
be more similar to early agglutinated soot particles recently observed in diffusion flames than to the more aged 
aggregates typical of the post-flame region for over-ventilated flames. Comparisons in terms of the ratio of CO and 
CO? as a function of global equivalence ratio in the post-flame region of the under-ventilated flames show a similar 
behavior to that previously observed for in-flame measurements for both over-ventilated and under-ventilated 
diffusion flames which examined the dependence of this ratio on local equivalence ratio conditions. This suggests 
that for the in-flame fuel-rich region, the chemical environment excluding soot is correlated with equivalence ratio in 
a similar way for both an over-ventilated flame and an under-ventilated flame. The low production of CO in the 
post-flame region of over-ventilated flames is simply a result of the oxidation of CO to CO> in the upper region of 
these flames. Finally, the present studies illustrate the utility of the study of under-ventilated flame environments 
where product yields and trends can be quite different from over-ventilated conditions. These studies should have 
significance for combustion phenomena in which under-ventilated conditions are typical, such as in fires. 
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CHAPTER 1 
INTRODUCTION 


1.1. Importance of Carbon Monoxide and Soot in Unwanted Fires 

On the moming of September 26 1987, firefighters in Sharon, Pennsylvania found three unconscious 
women on the second floor of a three bedroom duplex. Two of the victims were found dead from carbon monoxide 
(CO) poisoning and the third succumb later the same day to burns resulting from her incapacitation due to the CO 
levels present in the room. Although the fire was confined to the first floor kitchen, the three victims were on the 
second floor. The kitchen walls were made of wood panels and represented, along with the ceiling, a large supply of 
fuel for the fire. This incident highlights the significant hazard to life of fires beyond direct contact, resulting from 
the combustion products of the fire. 

This is an example of the tragic properties of incomplete products of combustion. As the fire progressed 
and its air supply expended, the conditions went from an over-ventilated to an under-ventilated fire. The toxic gases 
produced by incomplete combustion then spread to other parts of the house especially the second floor. Among 
these gases, although it is not the most toxic, CO causes the greatest number of fatalities (Friedman 1988). Not 
only does it cause death but it also incapacitates victims and prevents them from escaping the fire when they become 
aware of the threat (Purser 1988). 

A second important product of mcomplete combustion is emitted soot or smoke. Low concentrations of 
smoke can result in eye and lung irritation. Smoke can also reduce visibility, preventing victims from seeing 
emergency exit signs or firefighters from finding their way inside a burning building. Soot is also suspected to be a 
potential carcinogen. Soot particles are also an important part of the flame energy transfer process since soot radiates 
an important quantity of heat to the surroundings. In fact, soot radiation is "the primary mode of heat transfer in any 
reasonably sized fire" (McCaffrey and Harkleroad 1988, pp. 1252) and thus aids in the spread of the fire. Therefore a 
good understanding of how soot is formed and then oxidized is important im order to predict the smokiness of a fire. 

The accident in Sharon shows that a better understanding of how CO and soot are formed is necessary to 
increase the chances of victims to escape from a fire quickly and safely. It is also important to predict the formation 
of CO in fires with limited oxygen if construction materials are to become safer or less susceptible to form CO. 
Because large fires are complicated and difficult to study, simpler experiments which isolate the important 
phenomena are desirable. In the present study, laminar diffusion flames offer a simple way to study under-ventilated 
flames. Although small scale laminar diffusion flames appear to be quite different from turbulent fires, in terms of 
CO and soot formation they allow the study of the important phenomena under conditions mvolving a limited 
number of well controlled parameters. 

The objective of this work is to study laminar diffusion flames and their products when the air supply to the 
flame is reduced below what is required for complete combustion (under-ventilated). Specific information on the CO 
and soot formation processes has been obtained by measuring the concentration of products of combustion (gaseous 
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and particulate) and temperatures and by comparing these results with cata obtained from over-ventilated flames 
(actual air to fuel ratio greater than the stoichiometric air to fuel ratio). Some general information on the flame 
structure of under-ventilated flames has also been investigated using flame height predictions. Different fuels have 
been studied to determine their effect on soot and CO formation. The physical aspects of particles formed in the 
flame have been observed using a transmission electron microscope (TEM) and their content analyzed using a 
thermal-optical method in hope of learning more about their formation process. Studies of CO formation have been 
conducted using gas sampling involving intrusive probes followed by appropriate analysis procedures. 

Since the present study focuses on the formation of CO and soot im under-ventilated laminar diffusion 
flames, it is appropriate to briefly review previous work done on laminar diffusion flames. In the following sections 
a concise review of laminar diffusion flames, soot particle formation and CO production is given. This review is 
intended to present key elements in our current understanding of these phenomena. Additionally, this material will 
lay the foundations for the discussion of the results of the current study. 


1.2. Laminar Diffusion Flames 

The first extensive study of laminar diffusion flames was published by Burke and Schumann in 1928. 
Before Burke and Schumann (1928) published their work, only descriptive papers on diffusion flames were available. 
In their work, Burke and Schumann (1928) were successful at predicting flame height and contour, and species 
concentrations of over- and under-ventilated flames involving co-annular bumers. In their work two concentric 
circular tubes were used with fuel issuing from the inner tube and air from the outer tube. Burke and Schumann 
(1928) varied the tubes diameters such that the fuel and oxidizer always had equal exit velocities. Their model of this 
flame was based on the diffusion equation and required four basic assumptions for solution: 1) the velocities in the 
flame are constant, 2) the coefficient of interdiffusion for both gases is constant, 3) there is only radial diffusion and 
4) mixing is only due to diffusion. These assumptions have been discussed m many other subsequent papers (Barr 
1949, Savage 1962, Roper 1977, Roper et al. 1977) and are considered valid for the case of the concentric circular 
bumer. Roper (1977) gave a more complete solution for bumers of different geometries and this work will be 
described in more detail later in this section. 

Before proceeding further, a more detailed definition of the terms over-ventilated and under-ventilated is 
required. If the amount of oxidizer available for reaction with the fuel exceeds that required to completely convert the 
fuel to carbon dioxide (CO2) and water (H20), i.e. complete combustion, the flame is referred to as over-ventilated. 
For the case where the available oxidizer is less than that required for complete combustion, the flame is under- 
ventilated. These conditions can also be represented in terms of the equivalence ratio, ©, which is defined as the 
stoichiometric air to fuel ratio divided by the air to fuel ratio actually supplied for burning, 


® = [A/F Stoi 
[A/F] actual 


If ® is greater than one (fuel rich), the flame is under-ventilated while for ® less than one (fuel lean) the flame is 
over-ventilated. To determine the flame equivalence ratio the total air and fuel flow rates are used and thus represent a 
"global or overall" equivalence ratio (®). This global equivalence ratio differs from the "local" equivalence ratio () 


observed in the flame itself which is a function of the local species concentration and the extent of reaction at a 
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v articular location. Each diffusion flame has a single global equivalen__. ratio while the local equivalence ratio will 
vary throughout the flame. Results related to each of these definitions of equivalence ratio will be described in 
subsequent sections and care will be taken to differentiate between global and local conditions. 

Since Burke and Schumann (1928) were studying steady flames resulting from the reaction of interdiffused 
oxygen and a combustible gas, they considered combustion limited to a surface referred to as the flame front. Burke 
and Schumann (1928, pp. 999) defined the flame front as "the locus of those points where the rate of diffusion of 
comb: **ble gas outward and the rate of diffusion of oxygen inward have the ratio required by the stoichiometric 
equat. ‘or complete combustion of the combustible gas". They also noted that the "central bright part" of the 
flame due to incandescent particles has nothing to do with the actual flame front. The flame height would be the 
vertical position of the flame front either along the central axis (® < 1) or at the edge of the air stream (® > 1). 
They found a relationship to determine the height of a diffusion flame by solving the diffusion equation in radial 


where C is the concentration of the combustible, t is time, r is the radial coordinate and k is the coefficient of 
interdiffusion of the combustible and oxidizer gases. 

Assuming that the velocities are constant in the flame and by using boundary conditions imposed by the 
geometry of the bummer, the solution of the ordinary differential equation yields the concentration for steady 


conditions as 


Cly,r) = ae. ie ea Ji(uL)o(tur) 
y,f i 

HJo(HR) “WoluR)P 
where L is the radius of the inner tube, R the radius of the outer tube, v the velocity of the gas (keeping in mind that 
the air and fuel velocities are assumed equal), y the vertical distance corresponding to the radial location r, Jj and Jo 
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are Bessel functions of the first kind, 1 are all the positive roots of the equation J] (uR) = 0, i is the stoichiometric 
number of oxygen molecules, C2 is the imitial concentration of oxygen and Co is the sum of the initial 
concentration of fuel and C2/i. The flame front can be found from the locus of points corresponding to the solution 
with C=0 and the flame height is given when r=R for an under-ventilated flame and r=0 for an over-ventilated flame. 
This relationship shows one of the most important conclusion of the Burke and Schumann (1928) study; that for a 
constant geometry bumer, the flame height is propos:onal to the fuel flow rate. The authors also inferred that the 
size of the fuel and oxidizer tubes did not affect the fiame height if the flow of fuel and air were kept constant. Their 
conclusion was supported by experimental comparisons. They were also able to predict concentration of CO, CO2 
and N?2 along the centerline of a CO/air diffusion flame. 

At the end of their paper, Burke and Schumann (1928) also briefly mention two experiments done with an 
inverted flame. For an mverted flame the air flows through the inner tube with the fuel on the outside. The flame 
heights of the predicted and measured mverted flames were almost the same (less that 1% difference). The theoretical 
treatment of the inverted flame therefore did not seem to be any different from the normal laminar diffusion flame. 

One important reason why the predicted and experimental flame he’ ts agreed so well in the Burke and 


Schumann (1928) work was due to their use of a "mean" diffusion coeffici: This coefficient was calculated from a 


Si 


single experiment and applied to all other calculations with the same gaseous composition. Barr (1949) pointed out 
that by obtaining the diffusion coefficient from one experiment and then applying it to other calculations, the 
coefficient acts as a correction factor and makes up for errors in the assumptions used in the solution of the diffusion 
equation. He also argued that this coefficient is not constant and is expected to vary with the composition of the gas 
mixture. Burke and Schumann (1928) also recognized the limitations of their analysis and discussed some of the 
reasons for the relatively good agreement between experiment and theory. 

Following Burke and Schumann (1928) numerous authors studied confined and unconfined diffusion flames. 
One of the more important paper on laminar diffusion flames was published by Roper in 1977. Roper (1977) 
suggested modifying the Burke and Schumann theory to account for mass continuity everywhere in the flame and 
considered other burner geometries. Roper's model was based on seven assumptions: 1) temperature and diffusivity 
are constant in regions controlling diffusion, 2) combustion doesn't change the number of molecules, 3) axial 
diffusion can be neglected, 4) Schmidt and Lewis number are equal to one (the Schmidt number is the ratio of the 
rate of momentum transport over the rate of mass transport and the Lewis number is the rate of energy transport over 
the rate of mass transport), 5) the gas velocity is uniform across the regions controlling diffusion, 6) in the reaction 
zone the gas velocity is equal to the flame velocity, 7) when buoyancy is important the flame gases start at an initial 
value and accelerate due to buoyancy. The major difference between these assumptions and those used by Burke and 
Schumann (1928) is that Roper (1977) does not consider the gas velocity to be constant in the flame but rather 
Satisfies continuity. Roper (1977) also pointed out that no assumption was made concerning the thickness of the 
flame front since the boundary of the reaction zone was defined as the location where oxidant and fuel are in 
stoichiometric ratio. 

Based on these assumptions and continuity, Roper (1977) found a general relationship for the flame height. 
For circular and square burners, the relationship predicts that the flame height is proportional to the volumetric flow 
fate and a second term which is constant for a particular fuel. Roper (1977) therefore concluded that the flame height 
in circular and square bumers is unaffected by buoyancy forces or the velocity of the air flow surrounding the fuel 
flow in agreement with the results of Burke and Schumann (1928). Roper (1977, pp. 225) stated that this 
observation was due to the fact that "any factors which change the flame gas velocity (such as buoyancy) cause an 
opposing change in the time required for diffusion. So the flame height remains constant". On the other hand, 
flame heights from long slot burner can be affected by momentum, buoyancy or both simultaneously and a more 
complicated behavior is observed for the flame height dependence on fuel flow and bummer dimensions. 

Roper's model also allowed calculation of the concentration profile within the flame by assuming that the 
gas products are in thermodynamic equilibrium. A constant diffusion coefficient was also assumed and, as in the 
Burke and Schumann theory, was assumed to be a mean coefficient representing the fuel and oxidant interdiffusion. 

In a second paper by Roper et al. (1977), Roper's model is compared to experimental values. The flame 
heights were separately measured using the CO and soot concentration. As described above, Roper’s model allowed 
Roper et al. (1977) to predict the concentration profile of different species assumed in thermodynamic equilibrium 
and was used to compute the amount of CO at the end of the flame front of the diffusion flame. With this 
concentration known, a series of CO concentration measurements at different axial locations in the flame allowed 
Roper et al. (1977) to determine the flame height. Another method of determining the flame height was based on 
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soot concent «ion measurements. The maximum soot concentration was assumed t:: oe where net soot formation 
stops and oxidation starts. At this point hydrocarbons are replaced by oxygen and must correspond to the flame 
front. Soot concentrations were then measured using a densitometer at different axial locations and the height at 
which maximum soot concentration occurred was considered to be the flame height. Roper and Smith (1979, pp. 
132) noted the importance of distinguishing the "visible flame height (end of reaction such as soot oxidation) and 
diffusion flame height (stoichiometric conditions on the flame axis)". The visible flame height would be determined 
by the oxidation of soot particles by OH and not by O2 according to Fenimore and Jones (1967). 

One important note about Roper's work (1977) concerms one of his assumptions used in solving the 
continuity equation. Roper (1977) assumed that as the distance from the burner lip approaches infinity, the 
“dimensionless oxygen defect" goes to zero. This assumes in other words that there is plenty of oxygen available 
away from the bumer. In the case of an under-ventilated flame this is not true. When ® > 1 all the oxygen in 
principle is expended in the post flame zone. The derived equations in Roper's work (1977) are therefore not valid for 
under-ventilated flames and the conclusions summarized here are thus limited to over-ventilated flames. 

The works of Roper (1977), Roper et al. (1977) and Burke and Schumann (1928), essentially contains what 
is generally known and accepted about laminar diffusion flames. Several other papers have been published 
conceming specific details regarding laminar diffusion flames and mostly concem over-ventilated conditions. These 
studies will be briefly reviewed next. 

Other papers published since the Burke and Schumann (1928) work have investigated diffusion flame 
structure (Barr 1949; Savage 1962; Jones and Rosenfeld 1972; Roper and Smith 1979; Mitchell et al. 1980; Lomax 
and Simmons 1986), flame stability (Barr 1953) of over- and under-ventilated flames, and inverted diffusion flames 
(Walker 1979; Wu and Essenhigh 1984; Sidebotham and Glassman 1992). These papers will be discussed in this 
section. 

Barr in his 1949 paper studied diffusion flames in vitiated atmospheres. In this paper Barr (1949, pp. 200) 
considered under-ventilated flames to be "of academic interest only" and studied the flame elongation as the amount of 
air is reduced towards stoichiometric air flow. In a second paper Barr studied instability m over- and under-ventilated 
flames. Some of these instabilities were observed during the present work and are described m Chapter 2. Barr's 
paper is one of the few papers describing normal under-ventilated diffusion flames, however the results are mainly 
descriptive. 

Savage (1962) examined the flame structure of over-ventilated butane/air laminar diffusion flames. He 
studied flame shape and height using photographs of laminar diffusion flames and noted two distinct boundaries: 1) a 
blue radiation in the lower portion of the flame and 2) an intense radiation appears higher in the flame "considered to 
be due to hot carbon particles" (Savage 1962 pp. 82). Jones and Rosenfeld (1972) also studied enclosed diffusion 
flames. In their paper the authors considered the fact that soot oxidation in the reaction zone may not be infinitely 
fast. Before this paper, authors appeared to consider the flame height to be the visual flame height determined by the 
oxidation process of soot in the upper leaner portion of the flame rather than the location below, corresponding to 
the stoichiometric surface. In both the Savage (1962) and Jones and Rosenfeld (1972) studies, no mention of under- 
ventilated flames is made. Savage (1962) reduced the air/fuel ratio to the point where the butane diffusion flame 
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became smoking. At this point, however, the flame is still over-ventilated and the air/fuel ratio was not reduced any -- 
further. 

Roper and Smith (1979) also study the effect of air starvation although here again only over-ventilated 
flames were considered. Their conclusion was that air starvation did not increase soot formation but reduced the 
flame temperature in the second half of the diffusion flame and allowed soot to escape. Kent and Wagner (1984) 
confirmed this conclusion by locally heating the tip of a sooting flame which clearly reduced soot emission. The 
authors concluded that "burnout cessation and consequent smoke emission are determined by the temperature in the 
downstream region" (Kent and Wagner 1984 pp. 257). 

Mitchell et al. (1980) gave a good description of the flame reaction zone and its composition. This work 
also described where the important combustion products for fire safety considerations are produced, e.g. CO. In the 
Mitchell et al. (1980) work, concentration measurements are given at poimts spanning a wide range of local 
equivalence ratio including where the equivalence ratio is greater than one. In the over-ventilated flame study by 
Mitchell et al. (1980), those results come from point measurements inside the flame where fuel is abundant. 

In the work by Lomax and Simmons (1986) in which they studied propane diffusion flames, CO and CO2 
concentration are given for different global equivalence ratios. According to their results the ratio of CO and CO2 
concentration increases considerably when the global equivalence ratio is greater than 1. In their study, Lomax and 
Simmons (1986) took care to avoid soot formation in their flames through the addition of diluents. Lomax and 
Simmons (1986) also measured concentration profiles in a propane diffusion flame using a mass spectrometer. 
Instead of using air for oxidizer they used a mixture of oxygen and argon to avoid the problem of identifying CO in 
the presence of nitrogen. Lomax and Simmons (1986) noted from the measured profiles that the concentration of 
CO and other intermediate hydrocarbons decreased as the global equivalence ratio decreased. 

Even though over- and under-ventilated flames are physically different, local measurements obtained in over- 
ventilated flames provide a starting pomt for the study of under-ventilated flames. Another approach to compare 
over- and under-ventilated diffusion flames is to consider inverted laminar diffusion flames. These flames can have 
the overall composition of an under-ventilated flame but the shape of a normal over-ventilated laminar diffusion 
flame. 

Inverted laminar diffusion flames are theoretically the same as nomnal diffusion flames but in practice the air 
flows though the inner tube and the fuel through the outer tube of the co-annular burner. The resulting flames tend 
to produce less soot (Sidebotham and Glassman 1992) and have been reported to produce more CO and H? at the tip 
of the flame (Wu and Essenhigh 1984). The study of these flames could shed some light on the relationship between 
CO and soot formation. 

Burke and Schumann (1928) reported two experiments on inverted flame at the end of their paper. The 
agreement between the predicted and experimental values of the flame height seems to imply that there is no 
difference in the physical mechanisms which control the flame contour and height between the nomnal and inverted 
flame. On the other hand visual observation of inverted flames shows that they seem to produce less soot than 
normal flames. This was reported by Walker (1979 pp. 198), "a reverse flame is entirely blue until a large amount 
of air is forced into the flame". Unfortunately Walker's paper (1979) is mainly descriptive and little absolute values 
of flow rates are reported. 
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Wu and Essenhigh (1984) offered 2 “ore rigorous study of inverse diffusion flames. Their typical methane 
flame at a global equivalence ratio of 6.56 was about 2cm high. Their theoretical analysis and predicted species 
concentrations were compared with measurements of CH4, CO2, CO, H2 and N2. Reported results show that at the 
tip of the flame, CO? concentration are over predicted and a "substantial pool" of CO and H? exists there. Radial 
concentration profiles also showed an over-prediction of CO? on the centerline at a height of 1.84cm. These 
concentration values as a function of local equivalence ratio were compared to those reported by Mitchell et al. 
(1980) in his study of normal over-ventilated flames. Wu and Essenhigh (1984) reported that for each species a 
single curve could be obtained describing its dependence on equivalence ratio regardless of where in the flame the 
measurements were obtained. This result is similar to the results of Mitchell et al. (1980). Wu and Essenhigh 
(1984) though, found no counterpart to the high CO and H?2 concentrations observed in inverted flames when 
compared to normal diffusion flames. 

Sidebotham and Glassman (1992) recently studied soot formation m inverse diffusion flames. According to 
the authors, inverse diffusion flames offer the advantage of separating pyrolysis processes from oxidation processes. 
Since soot is formed on the rich side of a diffusion flame which is always away from the reaction zone of an inverse 
diffusion flame, the formed soot is not oxidized in the principal reaction zone. They also offer the advantage of 
having a much lower soot loading than normal diffusion flames and more easily allow the investigation transition 
from smoking to nonsmoking conditions. Lastly, since the fuel region of interest is on the outside of the flame 
front, probe disturbances are limited since the probe does not have to cross the reaction zone. 

In the work by Sidebotham and Glassman (1992) flame temperature and fuel structure effects on flame 
structure and soot formation were observed. The fuels tested were methane, ethene, propene and 1-butene. All the 
flames studied had a global equivalence ratio of 0.667. An imverted laminar diffusion flame with a global equivalence 
ratio less than one would nomnally look fan-shaped but Sidebotham and Glassman (1992) obtained a closed round 
flame by adding a diluent to the fuel. Furthermore, since the authors were concerned with soot formation, the only 
species reported are potential hydrocarbon precursors to soot particles and no values of CO or CO? were reported. 

It is teresting to observe that the theoretical treatment for normal and inverted flames are the same. Yet 
inverted flames produce less visible soot and more CO at the tip of the flame than normal diffusion flames. Thus 
inverted laminar diffusion flames could provide further information on CO and soot formation relationships since 
these quite different combustion products have common chemical and physical formation mechanisms im both 
normal and mverted flames, but quite different soot production levels. 


1.3. Soot Formation 

Soot formation has been extensively studied during the past years and several extensive reviews exist 
(Glassman 1988; Haynes and Wagner 1981; Palmer and Cullis 1965; Wagner 1978). In laminar diffusion flames 
soot formation is first observed low in the flame on the fuel side. The first soot particles form from condensed phase 
materials and are sometimes referred as soot nuclei although current theories do not necessarily view this first 
formation step as nucleation. The process is likely to follow from the growth of the hydrocarbon precursors to form 
large particle-like "clusters" which is often called particle inception. After particle inception, surface growth 


increases the mass of soot present, but the number of particles stays the same. During surface growth, gas phase 
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species react on the surface of the particles and are incorporated int« the particles. The particular shape of soot 
particles is explained by the third step; agglomeration, which occurs when soot particles stick to each other and 
become chains of spherical particles. If surface growth is rapid these agglomerate surfaces may be smoothed over to 
produce a more spherical-like particle morphology. In the case of over-ventilated flames, soot particles cross the 
reaction zone at the top of the flame were they are attacked and oxidized by OH radicals under fuel rich conditions and 
by O2 under fuel lean conditions (Fenimore and Jones 1967; Neoh et al. 1981). The oxidation rate of soot and its 
initial quantity as it enters the oxidation zone will determine if the flame actually emits soot (smoking). In under- 
ventilated flames, soot particles do not cross the flame reaction zone and are emitted directly into the flame plume. 

Megaridis and Dobbins (1990) and Puri et al. (1993) have modified this description and expressed it from a 
cluster aspect. The inception region of soot extends over a limited region near the bottom of the flame. In the 
inception region, chemical reactions create a high concentration of primary particles which collide and form "young 
aggregates" whose number through out the flame remains constant. These primary particles will grow and coagulate 
to form clusters. These particles progress upward in the flame to the reaction zone in over-ventilated flames where 
the size of the clusters is reduced by oxidation. Although the size of the cluster can change, the number of primary 
particles and there size at a particular height are relatively constant. The uniform size and constant number of the 
primary particles was confirmed by TEM measurements (Megaridis and Dobbins 1990). The agglomerate structure 
of soot particles was accounted for based on a “fractal-like" structure for the particles rather than assuming them to be 
spherical. This approach allowed for a more accurate measurements of the soot volume fraction, particle diameter 
and number concentration properties. 

In several studies of soot formation in diffusion flames, critical temperature regions have been identified for 
both the formation and oxidation processes. In terms of formation, soot particles do not form im laminar diffusion 
flames if the temperature lies below 1300K (Santoro et al. 1987; Gomez et al. 1984, 1987; Sidebotham and 
Glassman 1992) while most of the formation occurs in the temperature range 1300-1700K (Kent and Honnery 1991). 
Oxidation on the other hand as been observed to cease at temperatures below 1300K (Kent and Wagner 1984). 
Species measurements made in mverted flames by Sidebotham and Glassman (1992) conceming the formation of 
soot particles are consistent with the hypothesis that the formation of aromatic rings is a controlling factor in soot 
formation and that acetylene is the principal species once soot mception has begun. These results are consistent 
with experimental (Harris and Weiner 1983, 1984) and theoretical (Frenklach et al. 1984) premixed flame studies 

In the present work the major emphasis involves post flame measurements of soot production and 
consequently reflect the net results of the soot formation mechanism described above. In addition in-flame probe 
sampling of gas phase species has been obtained for some limited flame conditions which can be compared to similar 


measurements obtained in inverted flames. 


1.4. CO Formation 

Carbon monoxide (CO) is formed from the oxidation of hydrocarbons. According to Glassman (1987 pp. 
67), "It is apparent that in any hydrocarbon oxidation process, that CO is the primary product and forms in 
substantial amounts". CO itself is oxidized primarily through the reactions 
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CO + OH > CO2 +H 
H+0QO2 ~ OH+0O 
for temperature condition typical of laminar diffusion flames. 

The oxidation of CO to CO? usually comes late in the reaction sequence observed in laminar diffusion 
flames, that is CO2 formation does not start before the fuel has been converted to CO. It is only when the 
hydrocarbon species have disappeared that the hydroxy! (OH) concentration increases sufficiently to convert CO to 
CO2. This oxidation process takes place at temperature above 1100K. In any practical system where the 
temperature is below 1100 K or not enough O2 is present to supply OH radicals, the conversion of CO to CO? may 
not occur. Lomax and Simmons (1986) have shown that CO concentration increases rapidly in oxygen depleted 
atmospheres. According to this mechanism, most of the CO formed in a diffusion flame during the fuel oxidation 
process would be oxidized to CO? as it progresses to fuel lean regions at high temperatures. Some CO would 
typically be formed later in the flame as well, when soot particles are oxidized. Although an extensive literature 
exists on CO oxidation (Yetter et al. 1985), for the purposes of the present study, research studies related primarily 
to fire situations are more relevant and will be presented. 

Zukoski et al. (1991) and Beyler (1986) studied products of incomplete combustion in compartment fires. 
These studies focused primarily on CO formation. A hood which could extend into the plume region of the fire was 
used and prevented products of combustion from escaping in the atmosphere. This maintained a layer of gases over 
the flame similar to the ceiling layer which occurs in room fires. Results of these studies show similar trends 
involving a progressive increase in CO when the equivalence ratio becomes greater than 0.5 (® > 0.5). Beyler 
(1986) repeated the same experiment with different fuels and noticed a fuel composition influence on the CO yield. 
Oxygen containing species especially acetone (C3H6O), ethanol (C2H50H) and methanol (CH30H) show a higher 
nomnalized CO yield than propane, propene or hexane. On the other hand, toluene (C7Hg), which is an aromatic 
fuel shows the lowest normalized CO yield. No soot measurements were done in Beyler's experiment (1986) but 
visual observation of alcohol flames show that they produced little soot (Le. a methanol flame is almost imvisible) 
and that toluene had a very low sooting point (i.e. produces a lot of smoke). 

Previous work done by Fisher and Grosshandler (1988) and McCaffrey and Harkleroad (1988) in pool fires 
has established a simple relationship between the formation of CO and smoke in diffusion flames. McCaffrey and 
Harkleroad (1988) were careful in the comments section of their paper to note that pool fires are not lamimar 
diffusion flames. Pool fires might exhibit similar regions to laminar diffusion flames, but the oxidation process 
inside pool fires is more complex because of the buoyancy induced turbulent nature of these flames. According to 
the authors, reactive species can be expelled through turbulent mixing achieving colder regions where quenching may 
occur. 

Puri and Santoro (1991) studied the influence of soot formation on CO in over-ventilated laminar diffusion 
flames. Two possible process could influence CO production; 1) quenching because of lower temperatures achieved 
due to radiation from soot particles and 2) competition for oxidizing radical species, particularly OH, both of which 
would reduce the conversion of CO to CO2. Pun and Santoro (1991) observed that a smoking flame produced more 
CO at higher locations (fuel lean) in an over-ventilated diffusion flame than a nonsmoking one. In fuel rich regions 
though, they note that "more heavily soot forming flames contain less CO at similar equivalence ratio" (Puri and 
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Santoro 1991 pp. 599). This is similar to the observation of Beyler (1986) in his study of pool fires. So even 
though less CO is formed within a smoking flame, the final amount emitted is greater than in a nonsmoking flame. 
After comparing the reaction rates for the oxidation of CO and soot by OH radicals Puri and Santoro (1991 pp. 602) 
concluded that competition between soot and CO for OH "is a plausible mechanism that can be responsible for the 
high CO emissions from fires". However, in these studies the CO and soot production were predominantly studied 
under fuel lean conditions typical of the oxidation region of over-ventilated lamimar diffusion flames. Less 
information was available on the relationship between soot and CO formation for fuel rich condition. 

Recent work on soot and CO emissions from the over-fire (post-flame) regions of turbulent diffusions has 
also been pursued (K6ylii et al. 1991). These studies indicate that for long resident times CO and soot are emitted in 
direct proportion regardless of the fuel burned. Although these results were obtained over a range of fuel and flow 
conditions, they correspond to over-ventilated conditions. Thus, information related to fuel rich conditions is still 
lacking. 

The above brief review places im perspective our current understanding of the relationship between soot and 
CO production in fire situations. Clearly little fundamental information is available for fuel rich conditions 
regarding the relationship between the formation of these two key combustion products for fires. Based on this 
assessment a series of under-ventilated diffusion flames studies have been undertaken to characterize the relationship 
between soot and CO produced in these flames. Measurements have emphasized post flame conditions although 
some in-flame measurements have also been obtained. The relationship between CO an soot concentrations has been 
determined for a range of global equivalence ratios extending from 0.5 to 4.0. Studies have mainly focused on 
methane and ethene as the fuels under consideration. Limited studies involving toluene and methanol have been done 
to examine the effects of a heavily sooting fuel (toluene) and the influence of oxygen bound to the fuel (methanol). 

In the next section the experimental procedure, apparatus and conditions are described. This section is 
followed by a presentation of the results of the study. These results are then discussed and finally the conclusions of 
the study are presented. 
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CHAPTER 2 
EXPERIMENTAL TECHNIQUE 


The present study of CO and soot production for under-ventilated conditions was conducted using laminar 
diffusion flames established on a co-annular burner. The experimental apparatus required several distinct components 
which included: 1)the burner and chimney, 2) flow control system, 3) a dilution assembly for the post-flame 
analysis, 4) sampling systems for both the in-flame and post-flame measurements and 5) a series of diagnostic 
techniques to measure the flame products (CO, CO2, soot, fuel, etc.) and flame conditions (shape and temperature) 
important in these studies. Measurements techniques included photography for determining the relationship between 
flame shape and equivalence ratio, non-dispersive infrared (NDIR) analyzers for post-flame CO and CO2 
measurements, gas chromatography for in-flame species measurements, filter collection for soot determination 
(TEM, mass and composition analysis) and platinum/platinum-rhodium thermocouples for temperature 
measurements. Application specific sampling probes were utilized for the in-flame and post-flame measurements. 


2.1. The Burner Assembly and Dilution System 

In order to study under-ventilated laminar diffusion flames, a concentric annular brass bummer was used in which fuel 
flowed through the inner tube and air on the outside. A quartz tube was employed as a chimney to prevent ambient 
air from interfering with the flame or changing the global equivalence ratio of the flame. The bumer assembly and 
dilution system are shown in Figure 2.1. The design of the burner allowed different combinations of fuel and air 
tubes to be utilized. Based on observations for several combinations of tubes, three configurations were found to 
produce sufficiently stable flames over the desired range of global equivalence ratios. These three configurations were 
subsequently studied and used as a basis to asses bumer effects on the flame structure and products (CO, CO2). 


2.1.1. The Burner Assembly 

The burner housings were machined from 50.8mm and 25.4mm diameter brass rods. These two burner 
housings allowed using different quartz tube chimneys to vary the diameter of the air passage. Selection of a 
particular bumer housing was based on providing a leak tight fit between the bumer and the quartz tube used for the 
chimney. Table 2.1 lists the combimations and dimensions of the fuel and air tubes used in the present study. Brass 
tubes of 9.6mm and 12.7mm O.D. were used for the fuel tubes. The height of the fuel tube with respect to the 
burner housing could be adjusted by loosening a compression fitting at the bottom of the burner. The fittings were 
chosen so that the fuel tubes could be interchanged from one housing to the other. The fuel tubes were chosen to be 
long enough, about 20cm, to ensure laminar flow at the outlet of the tube. 

Inside the burner a total of seven 70 gauge screens and 3mm diameter glass beads spread the air flow 
uniformly around the fuel tube. Flow conditioning with beads and screens aided in obtaining stable flames. Two 
different diameter fuel tubes and three quartz tubes allowed different velocities for the fuel and air flow. However for 
a particular burner configuration the air and fuel velocities were not matched when different values of the equivalence 
ratio, ®, were studied. The quartz mbes were sealed to the brass housing using Teflon tape or O-rings depending on 


ao 


SMOKE COLLECTING 


FILTER | | 
B & B 


PROBE ——> 
ASSEMBLY 


NITROGEN 


TRIPPER 
PLATE — > 
SCREENS 


GLASS BEADS 
(DIA=3mm) 


BURNER 
ASSEMBLY 


Figure 2.1. Burner assembly and dilution system 
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Table 2.1. Tube Dimensions for Co-flow Burners 


Inner Fuel Tube (mm) ! Outer Air Tube (mm) 2 


Bumer Configuration 1 9.60.D. (%") 29 1D. 32 0D. 
(50.8mm burner housing) #32kD: 
Bumer Configuration 2 960D. (%") 22 1D. 25 OD. 
(25.4mm burner housing) 7.3 LD. 
Bumer Configuration 3 12.7 O.D. (% ") 22 1D. 25 OD. 
(25.4mm burner housing) 11.2 LD. 
1 Brass 


Sr iy ens ge ey rn 


their diameter. Quartz tubes could resist temperatures high enough to allow soot deposits to be burned off the quartz 
surface using a propane torch. Another method using employing solvents was tried to clean soot deposits off the 
quartz tubes, but were not as effective and rapid as buming deposits with a torch. The burner was mounted on a 
milling machine to allow accurate positioning in three dimensions (+ 0.025mm). 


2.1.2. The Dilution Assembly 

In order to provide a uniformed well mixed region for post-flame sampling, a dilution section followed the 
quartz chimney (see Figure 2.1). In this dilution section, nitrogen (N2) was introduced near the bottom of the burner 
housing through a concentric outer tube. Zero grade nitrogen was provided from a compressed gas bottle. The flow 
Tate was controlled with a needle valve and measured by a rotameter calibrated with a dry test meter (Singer American 
Meter Division model 802). The nominal flow rate of 590cm2/s diluted combustion products by a factor of 2 to 30 
depending on the global equivalence ratio. The nitrogen was mixed with the product gases 2.5cm below a tripper 
plate which forced uniform mixing. Two gaskets and a clamp maintained the tripper plate tightly between two 
Pyrex tubes forming the chimney. The second part of the chimney extended from the tripper plate to the outlet 
where the exhaust gases were sampled. The chimney extended a total of 55cm from the outlet of the fuel tube to the 
sampling probe at the outlet of the chimney. The chimney was sealed to the housing using a rubber stopper for the 
smaller burner and an O-ring was used for the larger burner. Gas sampling at seven radial positions indicated less 
than a 2% variation in the CO and CO? concentration across the chimney exit area and confirmed appropriate 
mixing. When samples were taken for the gas chromatograph, helium would replace nitrogen to prevent interference 
with the nitrogen contained in air. The same valve and rotameter used with the nitrogen diluent were retained for the 


helium case but with, of course, a different calibration curve. 
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2.1.3. Flow System and Gases 

The air supplied to the burner was from a filtered air line at 137.9kPa (20psig). The methane and ethene of 
CP grade were provided from compressed gas bottles. Figure 2.2 shows a schematic of the flow control system. 
Needle valves were used to control the flow rates while rotameters provided flow measurement Capability. The 
rotameters were calibrated using bubble flow meters of different sizes and a dry meter for larger air and nitrogen flow 
rates. During calibration a pressure gauge at the outlet of the rotameter assured that no back pressure was 
influencing the reading. The position of the ball in rotameters is known to depend on the back pressure (through its 
effect on gas density) and must be maintained at the same value through out calibration and experimentation. Two 
rotameters were used to monitor the air flow accurately over the span of values required in the present study. Table 
2.2 lists the model number of the rotameter and flow range used for each gas. The tubing between the flow meter 
and the burner was chosen to be 9.6mm O.D. (3/8") to minimize any pressure drop. 

The equivalence ratios were chosen such that they would be equally spaced on a logarithmic scale. By 
definition the equivalence ratio is 

®= [A/F Istoi 
[A/F actual ' 
where [A/F]5s tj is the stoichiometric air to fuel ratio given by 4.76(a + b/4 - c/2) where a, b and c, for a specific 
fuel burning at its stoichiometric condition to form CO? and H20 as products, are defined by 
C,H,O, + (a + b/4 - c/2) (O2 + 3.76N2) > aCO2 + b/2H20 + 3.76(a + b/4 - c/2)N2 . 
For methane and ethene this expression becomes 
CHy +2 (O2 + 3.76N2) — CO, + 2H20 + 7.52N> and 
CH, +3 (02 + 3.76N2) > 2CO2 + 2H20 + 11.28N2 . 

For methane A/FSj{p; is therefore 9.52 and 14.28 for ethene. The air flow rates for different equivalence ratios are 


shown im Table 2.3 for the methane and ethene flames studied. 


2.2. Vaporizer System for Liquid Fuel Components 

One of the objectives of the present study was to investigate some of the effects of fuel structure on the CO 
and sooting characteristics of under-ventilated laminar diffusion flames. In particular, the effects of oxygen 
containing and aromatics fuels were of interest. Consequently a limited number of studies were conducted in which 
methanol or toluene was added to a methane or ethene flame. To be able to mix methanol or toluene with methane 
or ethene, a vaporizer was required. Once the liquid fuel vaporized and mixed with the gas carrier fuel flow, the 
mixture would be injected into the bummer through the inner fuel tube. Heating wire was used to prevent 
condensation in the line from the vaporizer to the burner. 


2.2.1. Fuel Supply 

A diagram of the fuel supply system for the vaporizer is shown in Figure 2.3. The liquid fuel was supplied 
to the rotameter through Teflon tubing using a gravity fed approach. Teflon is compatible with toluene and 
methanol. A 30 micron 304 stainless steel filter prevented the valve from clogging due to any particulates contained 
in the liquid fuel. A 316 stainless steel needle valve with Kalrez O-ring monitored the flow. A glass and Teflon 
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Table 2.2. Flow Range and Tube Number of Matheson Rotameters 


Gas Tube Number Flow Range (cm/s) 
Nitrogen 605 472 - 708 
Air 603 10 - 80 
Air 604 80 - 200 
Ethene 602 3.2-6.4 
Methane 602 10 - 21 


Ethene 


Methane Nitrogen 


Shop Ar 
| Rotameter and Flow Control Valve 


Figure 2.2. Flow Control System for the Burner Assembly and Dilution System 
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Table 2.3. Air Flows (in cm9/s) for Different Fuels, Flow Rates and Equivalence ratios 


Methane (CHa) Ethene (C2H4) 
® 10cm3/s 12.8cm3/s 20cm3/s 3.2cm3/s 6.4cm3/s 
0.50 190.4 243.7 380.8 91.4 182.8 
0.57 167.0 213.8 334.0 80.2 160.3 
0.66 144.2 184.6 288.5 69.2 138.5 
0.76 125.3 160.3 250.5 60.1 120.3 
0.87 109.4 140.1 218.9 52.5 105.0 
1.00 95.2 121.9 190.4 45.7 91.4 
1.15 82.8 106.0 165.6 39.7 79.5 
1.32 724 92.3 144.2 34.6 69.2 
1.52 62.6 80.2 1 (1253 30.1 60.1 
1.74 54.7 70.0 109.4 26.3 52.5 
2.00 47.6 60.9 95.2 22.8 45.7 
2.52 37.8 48.4 75.6 18.1 36.3 
3.18 29.9 38.3 59.8 14.4 28.7 
4.00 23.8 30.5 OG 11.4 22.8 
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rotameter FL-1: * was calibrated using the barrel of a 1 cm3 syringe and a stopwatch. i  sring operation the liquid 
fuel was fed from the rotameter to the vaporizer through a 1.59mm O.D. (1/16") stainless steel tube. Before 
injection in the carrier gas, the liquid fuel was heated to slightly below its boiling temperature to prevent vapor lock 
and consequently flame pulsation. For reference, Table 2.4 lists the boiling point and heat of vaporization of the 
two liquids used in this study.To be able to compare the flames with the fuel additives to the pure methane or ethene 
flames a constant carbon flow rate of 12.8cm?/s (carbon mass flow rate of 153.6g/s) was maintained. In this study 
80% of the carbon was provided by the gaseous fuel (methane or ethene) and the rest is vaporized liquid fuel. The 
calculation for the stoichiometric air flow rate is a little different than in the pure gaseous fuel case. For methane 
flames the stoichiometric air to fuel ratios are given for methanol addition by 

0.8CH, + 0.2CH30H + 1.9 (O2 + 3.76N2) — CO2 + 2H20 + 7.14N2 


and for toluene addition by 
0.8CH, +92C7Hs + 1.86 (O2 + 3.76N2) — CO> + 1.71H20 + 6.98N> . 


For the ethene flame these ratios are given for methanol addition by 
0.4C2H, + 0.2CH30H + 1.5 (O2 + 3.76N2) — CO? + 1.2H20 + 5.64N2 


and for toluene addition by 
OBC Hy + O2C7Hs + 1.46 (Op + 3.76N2) > CO, + 0.91H20 + 5.48N> . 


The air flow rates for the different liquid and gaseous fuel flow rates as a function of equivalence ratio, ® are shown 
in Table 2.5. 


2.2.2. The Vaporizer 

A sketch of the vaporizer is shown in Figure 2.4. The vaporizer itself is essentially a 12.7mm O.D. (1/2") brass 
tube filled with 3mm diameter glass beads in which the open end of the liquid fuel tube was inserted. The brass tube 
was heated to supply enough energy to completely vaporize the liquid fuel passing through the inner tube. If the 
energy had only been supplied by the carrier gas, the temperature drop of the gas mixture would have been to large to 
maintain completely vaporized liquid. The outlet temperature of the mixture was monitored to assure that the 
temperature of the mixture never dropped below the condensation temperature, Heating wire was also placed around 
the tubing up to the burner to prevent condensation. Transparent Teflon PFE tubing capable of withstanding 
temperatures up to 260°C, was used to allow visual verification that no liquid was condensing in the tubing. 


2.2.3. The Carrier Gas 

The heated carrier gas was introduced through a cross connector and initially flowed in a concentric tube surrounding 
the liquid fuel supply line (see Figure 2.4). Methane or ethene was used for the carrier gas depending on the flame 
desired. The carrier gas was heated to a specified temperature below the boiling temperature of the liquid fuel. This 
carrier gas provided additional heat to the preheated liquid fuel through the stainless steel tube before mixing with the 
vaporized liquid. The pressure of the carrier gas at the inlet of the vaporizer was measured to assure that the 
calibration of the flow meters was still valid. 
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Figure 2.3. Fuel Supply System for the Vaporizer 


Table 2.4. Properties of liquid fuels used in the present study 


Fuel Chemical Formula Boiling Point (K Heat of vaporization (kJ/mol) 
Methanol CH30H 337.7 36 
Toluene C6H5CH3 383.8 34 
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Table 2.5. Air flow rates (in cm3/s) for methane and ethene mixture flames with methanol and toluene as 
a function of equivalence ratio. 


Methane 12.8cm3/s Ethene 6.4cm2>/s 
® 20% Methanol 20% Toluene 20% Methanol 20% Toluene 
0.50 231.4 226.3 182.8 177.5 
0.57 203.0 198.5 160.3 155.7 
0.66 175.3 171.5 138.5 134.5 
0.76 152.3 148.9 120.3 116.8 
0.87 133.0 130.1 105.0 102.0 
1.00 115.7 113.2 91.4 88.8 
1.15 100.6 98.4 193 Vd 
1.32 87.7 85.7 69.2 67.2 
1.52 76.1 74.5 60.1 58.4 
1.74 66.5 65.0 52.5 51.0 
2.00 57.9 56.6 45.7 44.4 
2.52 45.9 44.9 36.3 35.2 
3.18 36.4 35.6 28.7 27.9 
4.00 28.9 28.3 22.8 PPED: 
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Figure 2.4. Schematic representation of the liquid fuel vaporizer 
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2.3. Flame Pictures 

The pictures of the flames shown in this work were taken using a Nikon 8008 camera and a Nikkor micro 
lens with a minimum fgtop of 3.5 and a focal length of 5.5cm. The camera was set on a tripod and adjusted to be 
located at the same height as the burner. The film used was Kodak Gold Plus with a sensitivity of 400 ASA. 
Because of the difficult lighting conditions, exposures were bracketed and pictures were chosen from among those 
judged to reproduce the flame colors most accurately. 


2.4. Gas Sampling 

Gas sampling probes were used to provide gas species concentration measurements both in the flame and at 
the chimney exit. For the m-flame measurements, one of two types of quartz microprobes were utilized depending 
on the soot loading and flame location conditions as will be described below. For the carbon monoxide (CO) and 
carbon dioxide (CO2) measurements obtained as part of the global equivalence ratio studies, a simple stainless steel 
tube probe was located at the chimney exit. The sample gas would then be directed through non dispersive infrared 
(NDIR) analyzers or stored in sample loops before being analyzed by the gas chromatograph. 


2.4.1. Post-Flame Measurements as a Function of Global Equivalence Ratio 


2.4.1.1. Sampling System 

Figure 2.5 shows the gas sampling and the soot collection system used in the global equivalence ratio 
studies. The soot collection system will be described in section 2.5. A 6.35mm O.D. (1/4") stainless tube sampled 
product gases from the top of the chimney. The gas was then filtered using a Whatmann Hepa-Cap 36 filter and 
passed through a wet ice and a dry ice bath. The system could be run for three to four hours before requiring thawing 
of the line which passed through the dry ice bath. Once filtered and dried, the sample gas was pumped through a 
bellows pump to a rotameter to assure the operator that the sample flow rate was within recommended flow 
specifications of the analyzers. The bellows pump was used in order to eliminate contamination of the sample gas 
with oil or ambient gases. The CO and CO? concentrations in the sample gas were then measured by NDIR 
analyzers before the gas was expelled through a hood. 


2.4.1.2. NDIR and Gas Chromatographic Analyzers 
Data on the CO and CQO? concentrations achieved at the chimney exit were obtained using two different sets 
of NDIR analyzers. The first set of data was measured using two Horiba NDIR analyzers using a separate valve and 
flow meter to assure that the sample flow rate was within the proper operational range. When comparison runs were 
made with the gas chromatograph, the sample loops were placed between the bellows pump and the rotameter. A 
discrepancy between the NDIR analyzers and the gas chromatograph results of 10% to 15% was noted during the 
study and a second set of data was taken using two different NDIR analyzers as will be described later in this section. 
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Figure 2.5. Gas and soot sampling system used in global equivalence ratio studies. 
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In a typical me surement sequence, readings from the CO and CO? NDIR gas analyzex would be recorded, ® would 
then be changed by varying the air flow rate and after about sixty seconds to allow equilibration in the sample 
volume, the gas analyzer readings for the new condition would be recorded. 

The first set of data obtained used two linearized Horiba NDIR analyzers (model PIR-2000). They were 
calibrated using a 0.105% CO in N2 and a 5.03% CO? in N2 certified mixtures. These values were verified with the 
gas chromatograph to be within +5%. These analyzers required the sample gas to be filtered and free of water vapor. 
As mentioned above, part way through the study a 10% to 15% difference was noted between the NDIR and gas 
chromatograph analyzers for CO and CO2. Since the NDIR analyzers provided for more rapid measurement 
capability and ease of operation, it was deemed necessary to resolve these differences. Thus a second set of data was 
taken using a CO analyzer model VIA-510 from Horiba that compensated for CO? and water vapor interference and a 
CO? analyzer model 864 from Beckman. They were calibrated using 0.920% CO in nitrogen and 4.59% COQ? in 
nitrogen mixtures. The Horiba CO analyzer had an output linearizing board which provided a linear voltage response 
for this instrument as a function of the CO concentration. The Beckman CO? analyzer was not linearized and the 
voltage output of the CO? analyzer had to be converted to a concentration using the calibrations curve sent with the 
instrument from the company. Both sets of NDIR analyzers were also tested using Standard Reference Material Gas 
Mixtures (NIST SRM 2619a, 5066+5ppm CO? in N2 and NIST SRM 2637a, 2400+24ppm CO in N2 ). These 
calibration with the Standard Reference Material Gas Mixtures indicated that the first set of analyzers were in error by 
a small amount, but that the second set of analyzers were quite accurate. Based on the results of Standard Reference 
Material Gas calibration, data taken with the first set of analyzers were corrected as described in Appendix A. The 
drift in the zero for the NDIR instruments was on the order of the instruments sensitivity. A slight cross sensitivity 
of the CO meter to ethene was observed. These uncertainties combined with uncertainty of the calibration gas are 
estimated to be +2% for the CO and +3% for the CO? gas analyzer. 


2.4.2. In-Flame Concentration Measurements 


2.4.2.1. Sampling Probes for In-Flame Measurements 

Detailed in-flame measurements for fuel and combustion products where obtained for two under-ventilated 
flames in order to more fully characterize the structure of these flames. Concentration profiles of a methane/air 
diffusion flame with a fuel flow rate of 10cm3/s and an ethene/air diffusion flame with a fuel flow rate of 6.4cm3/s 
at a ® = 4 were measured. During these tests the outer Pyrex tube part of the dilution system was not used. For the 
concentration profiles two types of probe were used. The simplest one was a quartz microprobe with an onifice 
diameter of 0.094mm. This probe was limited to the non-sooting area of the flame due to its small orifice which 
was easily clogged by soot particles. The small orifice diameter had the advantage of offering better sampling 
resolution and had no visible effect on the flame. Schoenung and Hanson (1981) examined the measurement 
capabilities of uncooled quartz probes for CO and concluded that lower pressures (approximately 6.67kPa) minimized 
post sampling reactions. Since the concentration measurements using the quartz probe were taken at a pressure 
below 1.33kPa, CO to CO? conversion in the probe were assumed to be negligible. 
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The second probe utilized was the Electromechanical Sonic Probe developed at The Pennsylvania State 
University (Puri 1992) which employs a larger orifice of an equivalent diameter of 0.184mm. The principle behind 
this probe is to place a small metal fiber through the orifice and oscillate it to maintain the orifice free of soot 
particles. A function generator produces a voltage at a fixed frequency that is applied to a solenoid which acts on the 
iron core of the fiber inside the probe. The resulting motion of the fiber prevents soot from building up and 
obstructing the orifice. This probe could sample gas in sooting areas of the flame, but would disrupt the flame if 
used at too low a height. Fortunately it was possible to find suitable locations where either the quartz microprobes 
or the Electromechanical Sonic Probe could be applied. Measurements of the radial profile of the species 
concentration were obtained at several heights above the burner. In general the probe was traversed across the burner 
in steps of 1.5mm. Samples were stored and subsequently analyzed on the gas chromatograph. 

The different locations at which concentration profiles were measured were selected based on the local 
equivalence ratio at the center line of the flame. In an over-ventilated laminar diffusion flame it is possible to relate 
measurement position to the flame height. In under-ventilated flames this is much more difficult since the flame 
height varies for different burner geometries. Thus it would be difficult to relate flames from different burners. The 
height at which profiles were obtained was therefore based on achieving similar local equivalence ratios at the flame 
centerline. For under-ventilated flames with a global equivalence ratio (®) of 4, the span of local equivalence ratio 
(6) varies theoretically from 0 at the air exit to infinity at the exit of the fuel. The maximum value observed was 
actually in the thousands due to the diffusion of certain species and the precision of the gas chromatograph. 


2.4.2.2. Sampling System 

To quench the species reactions in the microprobe, a sonic sampling approach was used in which a vacuum 
pump was used to provide the low pressure region behind the orifice. The sample loops were located between the 
probe and the vacuum pump which eliminated any possible contamination from the pump. The sampling system 
used for in-flame measurements is shown in Figure 2.6. A dry ice bath was used to condense water vapor before the 
samples were stored through a multi-position valve in sample loops whose volume was 10cm3. A maximum of 
fifteen samples could be stored before analysis with the gas chromatograph. Once dried the gas would fill a large 
cylinder which was then pressurized to approximately 100kPa using a piston compression arrangement. A pressure 
of 100kPa was verified to be high enough to assure the sample to fill the gas chromatograph sample loop which had 
a volume of 2501. The piston inside the cylinder was activated by helium which was also used as a Carrier gas in 
the gas chromatograph. The operation of the gas chromatograph will be described in the next section. Following 
the acquisition of a sample, the entire system was purged as illustrated in Figure 2.6 and another sample could be 
obtained The piston and the cylinder were made of brass and Buna-N O-rings prevented leaks around the piston. In 
case leaks did occur, concentrations were computed to adjust for dilution by helium based on a mass balance for the 
measured species. 

Leaks in the sampling system were checked before each series of tests by lowering the pressure using the 
vacuum pump and then monitoring the pressure increase over some fixed time. A minimum absolute pressure 
would typically be 26.7Pa (0.2torr). A pressure increase of 13Pa at an absolute pressure of 100Pa after at least 
10min was judged acceptable. The sampling system and valve sequence during leak testing is shown in Figure 2.7. 
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Figure 2.6. Cylinder system and valve sequence during sampling 


2.4.3. Gas Chromatography 
Although the NDIR analyzers provided rapid measurements of the CO and CO? concentration they were 


limited to those two species. The gas chromatograph on the other hand provided concentration measurements of any 
species separable by the columns and measurable by the analyzers inside the gas chromatograph. 


2.4.3.1. Species Separation and Concentration Measurements 

Samples were injected into the gas chromatograph (GC) using a valve. The sample valve is shown in 
Figure 2.8. This is by far the most reliable way of injecting samples. The sample first flows through valve 1 and 
onto the sample loop contained inside the gas chromatograph. When valve 1 is switch ON the sample is injected 
into the helium gas flow (carrier gas) and carried onto the separation columns. 

Three columns were used to separate the different components of the sample gas. These columns were connected in 
series but the order of the columns could be altered via a valve switching arrangement contained in the GC (see 
Figure 2.9). The three columns, a Porapak Q, a Porapak S and a molecular sieve 5A, each 1.83m long, were used in 
the GC to separate the species contained in each sample. Figure 2.10 shows schematically the separation process 
and the column switching of the gas chromatograph. The analysis procedure using the columns switching approach 
will be briefly described. The sample containing H2, O72, Ar, N2, CO, CH4, CO2, C2H4, C2H2, C2H¢6 and other 
hydrocarbons is initially injected onto the Porapak Q column. The Porapak Q column separates CO? and 
hydrocarbons from each other but is incapable of separating H2, O2, Ar, N2 and CO which elude together onto the 
Porapak S column. The Porapak S column can not separate H2, 02, Ar, N2 and CO either, but separates 
hydrocarbons especially C2Hp. The gases H2, O2, Ar, N2, CO finally elude onto the molecular sieve 5A which 
offers the separation capability necessary to measure their concentration. The molecular sieve 5A could not separate 
oxygen from argon So a constant ratio was assumed between argon and nitrogen based on the composition of air, in 
order to correct the oxygen measurements for the presence of argon. The order of the molecular sieve 5A and the two 
Porapak Q and S columns is reversed before CH4 and CO? elude onto the molecular sieve column. If CH4 was 
allowed onto the molecular sieve, the species retention time would be much longer and the CH4 concentration 
measurement could interfere with other hydrocarbons eluding from the two Porapak columns at a later time. CO? on 
the other hand can not be allowed to elude onto the molecular sieve where it would be trapped permanently. Once 
valve 2 is switched and the column order reversed, species elude from the Porapak S column onto the analyzers. 
Species inside the molecular sieve when the columns order is altered have to elude once more through the two 
Porapak columns. Table 2.6 shows all the separable species, their retention time and the type of analyzer which 
measures their concentration. 

Once the gases were separated by the columns they were measured by two analyzers or detectors. The 
present GC (Hewlett-Packard model 3890) contains two detectors, a Flame Ionization Detector (FID) and a Thenmal 
Conductivity Detector (TCD). The former measures the change in the ion current in the analysis flame used in the 
FID as a sample eludes from the GC column, while the latter responds to a change in thermal conductivity. The 
major problem with helium as a carrier gas in this GC configuration is the measurement of hydrogen. Hydrogen can 
not be detected with the FID since hydrogen does not affect the flame ions and its thermal conductivity is similar to 
helium and therefore is barely detectable by the TCD. When hydrogen was present, it often eluded at two | 
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Figure 2.7. Cylinder system and valve sequence during purge and leak test 
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Figure 2.8. Sample valve in the gas chromatograph 


‘SALVE 2 


Porapak S_ Porapak Q 


Detectors 
Sample 
Molecular Sieve 5A 
OFF 
Porapak S Porapak Q 
Detectors 
Sample 


Molecular Sieve 5A 


ON 


Figure 2.9. Column switching valve in the gas chromatograph 
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Figure 2.10. Schematic diagram of column separation and column switching where the numbers 
correspond to: 1 - H2, 2 - O2, 3 - N2, 4- CO, 5 - CH4, 6 - CO2, 7 - C2H4, 8 - C2H2, 9 - C2H6 and 
10 - other hydrocarbons. 
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separate times and calibratio-. for hydrogen was impossible. The TCD measured methane (CH4), ox, zen (O2), 
carbon dioxide (CO2), nitrogen (N2), carbon monoxide (CO) and high concentrations of ethene (C2H4). The FID 
measured the hydrocarbons. The signals from the analyzers were sent to two integrators (model HP3396A ) which 
plotted the detectors response and determined each gas concentration from previous calibrations. 


2.4.3.3. Calibration 

The calibration of the gas chromatograph was done using Scott's calibration mixtures. The content of the 
different calibration mixtures used for calibration is shown in Table 2.7. Multi-level calibration was necessary for 
most of the species since the TCD and FID were not linear throughout the span of concentration values found in the 
samples. To calibrate for methane and ethene concentrations above 5%, mixtures had to be custom made. The FID 
can not be damaged by higher concentration of hydrocarbons, but tends to saturate so the TCD was also calibrated for 
high concentrations of methane and ethene. The concentrations of the calibration gases were based on the partial 
pressure of each gas. Two component gas mixtures were made with methane or ethene and nitrogen. The gas 
mixtures were stored in gas bottles previously evacuated. Once evacuated the bottle was filled by a certain amount of 
nitrogen and the pressure measured. The second gas component would then be added and the total pressure measured 
a second time. The concentration of either gas could then be calculated based on their partial pressure and the total 
absolute pressure inside the bottle. To validate this method, comparison tests were made between custom made low 
concentration mixtures and Scotty's calibration mixtures. The comparison tests revealed that the custom mixture 
concentrations were within +3% of the predicted concentrations. _ 


Table 2.6. Species, retention time and gas chromatograph analyzer 


Species Retention Time Analyzer Species Retention Time Analyzer 
in mimutes in minutes) 
H2 ahi TCD C3H6 21.0 FID 
CH4 oo TCD/FID C3Hg 21.8 FID 
02 6.6 TCD C4Hg 23-3 FID 
CO2 en, TCD C4H10 25.4 FID 
N2 8.7 TCD C5H10 28.1 FID 
C2H4 13.4 TCD/FID | C5H12 29.5 FID 
C2H2 14.6 FID C6H12 34.6 FID 
C2H6 15.7 FID C6H14 36.6 FID 
CO 18.4 TCD C6H6 39.6 FID 


the, 


2.5. Soot Sampling 
Soot samples were taken simultaneously with the CO and CO? overall measurements. Soot collected on 


filters allowed a quantitative measurement of smoke emissions. Soot samples were also collected on microscope 
grids and observed under a Transmission Electron Microscope (TEM). Other soot samples were sent to a 
professional laboratory (Sunset Laboratory, Oregon) to measure organic and elemental content of soot samples. 


2.5.1. Soot emissions 

A diagram of the soot sampling system was previously shown as part of the gas sampling system in Figure 
2.5. The smoke was collected through a 15.9mm OD stainless tube 360mm long and a 47mm diameter filter holder. 
Pre-weighted filter were used to collect soot samples. A vacuum pump forced a flow through the filter and a critical 
orifice controlled the flow. The smoke sampling tube provided cooling of the gases and prevented deterioration of 
the polytetrafluoethylene (PTFE) coated filter. The collection efficiency for the glass fiber filter (Pallflex T60A20) 
is 60% to 70% for 0.035,:m diameter and at least 93% for particles with diameters of 0.31m and larger according to 
Liu et al. (1983). The nominal flow through the filter of 153cm3/s was calibrated each day with a dry meter. 
Pressure gauges were used to monitor the vacuum pressure and the pressure drop across the filter. The maximum 
pressure drop cross the filter was 1.3kPa (50" of water) during collection and this corresponds to about 15mg of 
smoke on the filter. Smoke collection required about five minutes after which the filter was removed and replaced 
with another pre-weighed filter. Filter weighings were repeatable to +0.02mg using a microbalance with a 0.01mg 
Sensitivity. 
Soot was visibly depositing on the surface of the chimney and inside the sampling probe during the measurements. 
An estimate was made of the amount of smoke deposited on the tube wall relative to the amount collected on the 
filter. The smoke deposited on the wall was removed using a plunger device. Repeat measurements gave smoke 


Table 2.7. Scotty calibration mixture number and composition 


Mixture Content +2% (balance N2 unless specified otherwise) 

216 C2H2 1.00%, C2H¢ 1.00%, C2H4 1.00%, CH4 1.00%, CO? 1.00%, 
CO 1.00% 

218 CH4 1.00%, CO 1.00%, CO2 1.00%, H2 1.00%, 02 1.00% 

220 CH4 0.010%, C2H6 0.010%, C3Hg 0.010%, C4H19 0.010%, 
C5H12 0.010%, C6H14 0.010% 

222 C2H4 0.010%, C3H6 0.010%, C4Hg 0.010%, C5H19 0.010%, 
C6H12 0.010% 

234 O2 4.98%, CH4 3.97%, N2 4.99%, H2 4.02%, CO2 5.05%, CO 5.02% 
balance He 

Zo0 CH4 4.51%, O02 7.01%, CO7 15.0%, CO 7.00% 
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depositions of 12% and 14%. These mea:rements weie done at a relatively high gas temperature of 170°C and a.¢ 
expected to be an upper bound. 


2.5.2. Transmission Electron Microscope 

To obtain a qualitative understanding of the structure of soot aggregates, samples of soot produced by the 
ethene flame at different equivalence ratios were studied under an electronic microscope. A Phillips 420T 
transmission electron microscope was used at a voltage of 100k V with a 60 000 magnification. The diameter of the 
primary particles was then measured using the magnification factor of the microscope. Only particles which were in 
focus were chosen to prevent larger out of focus images artificially increasing the mean diameter of the primary 
particles. 


2.5.3. Organic and Elemental Soot Content 

The organic and elemental content of the soot samples were determined using a thermal-optical method 
described by Johnson et al. (1981) and summarized here. The analysis was performed by a professional laboratory 
(Sunset Laboratory, Oregon) which specializes in this type of measurement. The soot samples were collected on 
filters supplied by Sunset Laboratory using the same procedure as described in Section 2.5.1. The sampling time 
was established based on the sampling time of soot samples collected for soot emissions. 

The carbon analyzer consists of three parts: an oven, a laser reflectance system and an electronic control 
system. The organic carbon is oxidized and then vaporized through a two-step (two temperature) procedure. During 
the first step, organic carbon is oxidized and vaporized at a temperature of 350°C by a carrier gas composed of 2% O72 
and 98% He. During the second step, the carrier gas is replaced by pure He and the temperature is mcreased to 
600°C. The volatilized organic carbon is oxidized by a bed of granular MnO? to CO2. The oxidized organic carbon 
(CO2) is then reduced to CH4 in a methanator and measured by a flame ionization detector. This two-step procedure 
minimizes pyrolytic conversion of organic to elemental carbon. The remaining carbon comes from elemental carbon 
originally on the filter, pyrolyzed carbon from the organic oxidation and vaporization steps and other types of carbon. 
Once the organic carbon is oxidized, the carrier gas is replaced by the 2%072-98%He mixture and the elemental 
carbon is oxidized at three different temperatures (400, 500 and 600°C) resulting in a slow oxidation process. The 
oxidized carbon is again converted to CH4 and analyzed through the FID analyzer. During the oxidation of the 
elemental carbon, the reflectance of a He-Ne laser beam off the carbon containing filter is monitored. The amount of 
carbon oxidation required to return the filter to its onginal reflectance is measured and used to correct the organic 
content measurement for pyrolytic conversion of organic to elemental carbon. The authors note that the correction 
for pyrolytic conversion of organic to elemental cannot be neglected. The electronic system handles all the gas flow 
switching, the temperature programming, the FID signal integration and the data storage. The results of this 
analysis will be reported in the next section. 


2.6. Temperature Profiles 
The temperature profiles were obtained using an uncoated platinum/platinum rhodium thermocouple (bead 
diameter 0.25mm). For the temperature measurements the thermocouple was mounted vertically on a translation 
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stage and positioned, using two stepper motors, relative to the fixed burner. The stepper motors were controlled 
through an analog/digital (A/D) board by an IBM compatible computer. The controlling program was design to 
position the thermocouple, take 100 voltage readings and then move the thermocouple to a non-sooting area of the 
flame where soot built up on the thermocouple could be burned off. If the temperature measurements were made 
below the top of the under-ventilated laminar diffusion flame, the thermocouple needed only to be retracted radially. 
If the measurements were done above the flame, the thermocouple was first lowered and then moved radially to a non 
sooting region of the flame. After 100 readings were taken and the soot was burned off from the thermocouple bead, 
the thermocouple would be moved to the next position and another set of measurements taken. The maximum, the 
minimum and the average of the 100 measurements were displayed, printed and stored on disk. Since soot 
accumulating on the thermocouple bead reduced the temperature reading, only the maximum temperature for each 
different position was noted. At each position though, the variation between the maximum and minimum 
temperature measurement was not more than 10K. 

To limit heat loss from the thermocouple, the thermocouple wires were inserted in a ceramic insulator. 
During the first series of measurements, it was noted that the temperature reading depended on the distance between 
the thermocouple bead and the insulator. The wires were therefore drawn from the insulator until no temperature 
variation was noted. Figure 2.11 shows the typical arrangement of the thermocouple during a temperature 
measurement. The thermocouple wires were connected to an Electronic Ice Point before input to the A/D board. 

As explained above a ceramic insulator was used to limit heat loss from the thermocouple. Unfortunately 
this insulator could not prevent all heat loss from the thermocouple bead and corrections for radiation loss had to be 
estimated. Since the bead is in steady state, the heat loss through radiation equals the heat gained from the 
convection of the hot gases. For estimating radiation losses the thermocouple bead was assumed spherical (0.25mm 
diameter) and its emissivity equal to platinum (0.18). The wall temperature was estimated at each height by 
extrapolating the temperature measurements out to the quartz tube. To estimate the convective heat gain, the 
convective heat transfer coefficient of the hot gases to the bead was determined from the Nusselt number. The 
Nusselt number is a function of the Reynolds number and the Prandtl number and therefore depends on the bead 
geometry, the velocity and the properties of the hot gases. As explained before the bead geometry was assumed 
spherical and the thermal conductivity, the density and the viscosity of the gases were based on the thermophysical 
properties of nitrogen. The velocity was approximated from continuity and the average temperature at a particular 
height, and since the Nusselt number is relatively insensitive to velocity, this assumption is not critical. The final 
temperatures were all computed using a computer program. 

Although conductive losses were neglected at first, it soon became obvious that the thermocouple 
configuration used for the temperature measurements in this study induced large conductive losses. This is due to 
large temperature gradients around the thermocouple bead and to a large wire section area compared to the 
thermocouple bead surface. Because of this, at higher temperatures (were the temperature gradient is most 
significant) the conductive losses could be as high as four to seven times the radiation losses. Thus, the temperature 
measurements should not be taken as quantitative in nature. However, general trends associated with the structure of 
these under-ventilated laminar diffusion flames are valid. 


82 


Electronic Ice Point 
f ae 


Thermocouple Holder 


Ceramic Insulator 


Quartz Tube 


Flame Front 
(Under- Ventilated) 


Burner 


Figure 2.11. Schematic diagram of the thermocouple assembly 
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CHAPTER 3 
RESULTS AND DISCUSSION 


In the following chapter the results from the study of a series of under-ventilated laminar diffusion flame 
will be presented. Specifically measurements of the CO and smoke emissions as a function of global equivalence 
ratio will be described along with the results of studies done using methanol and toluene additives. Finally the 
results of detailed sampling measurements obtained m the flame will be described. 

The entire set of data obtained in this work is contained in Appendices A, B and C. The figures shown 
below are based on the data obtained using the Horiba model VIA-150 and the Beckman model 864 NDIR analyzers 
for CO and CO? measurements respectively and the Hewlett-Packard gas chromatograph described in the previous 
chapter. Measurements were done on a dry basis with nitrogen used for dilution except for the concentrations 
measured using the gas chromatograph in which case the diluent gas was helium. 


3.1. Flame Stability and Flame Heights Measurements 

The first task in this study of under-ventilated laminar diffusion flames was to determine the appropriate 
conditions for obtaining stable flames. Fuel and air flows were chosen based on the global equivalence ratio, and the 
fuel and air tubes were picked so that a stable flame could be obtained. The different possible combinations of air 
and fuel tubes are listed in Table 3.1 along with a description of the resulting flame appearance. Note that in Table 
3.1 the air flow rate is varied to achieve the desired variation in global equivalence ratio. Therefore, the air flow rate 
for specific flame stability characteristics can be determined from the tabulated fuel flow rate and global equivalence 
Tatio, D. 

Barr (1953) described most of the instabilities presented in Table 3.1 but more needs to be said about the 
specific flame behavior in terms of the present work. The over-ventilated flames were stable or acceptable diffusion 
flames except for two cases: 1) high air velocities (22mm I.D. air tube) caused the methane 20cm2/s flame to lift and 
eventually blow off and 2) high air velocities also produced a nonsmoking over-ventilated ethene flame under fuel 
flow conditions which exceeded the smoke point. Thus, a flame which would have been expected to be a smoking 
flame displayed non-smoking behavior. For the under-ventilated cases three types of instability were observed. The 
oscillating flame (Osc.), or Barr's (1953) lambent flame, had a periodic sideways motion. The pulsating flame 
(Pul.), which would correspond to Barr's (1953) rich tilted flame, would periodically change height, sometimes even 
drop below the outlet of the fuel tube. The curved flame (Cur.) which did not vary in time, but instead of extending 
Straight upward, the flame plume would snake up the chimney. 

The effect of global equivalence ratio on flame shape and size for the methane and ethene flames was 
evaluated photographically and is shown in Figure 3.1. As previously described in Chapter 2, global equivalence 
ratio is defined by the amount of air and fuel supplied to the bumner. The general relationship for the equivalence 
ratio ® is given by 


A/F sto; 
® = ——201 | 
A/F 
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Glass Tube 22mm I.D. 29mm I.D. 35mm I.D. 
Bumer CH4 Flow 
9.6mm 10cm3/s Stable ® = 4, Small = 1, Small Osc. 
O.D. Osc. ® = 1.5, Small Osc., Pul 
® = 2.52, Osc., 
® = 4, Osc., Pul. 
9.6mm 20cm3/s © =1, Flame starts separating Stable ® = 1.52, Small Osc., 
O.D. ® = 0.72, Flame blows off ® = 2.52, Osc., 
® = 4, Osc. 
12.7mm = 10cm3/s Stable Stable ® = 1, Cur. 
O.D. ® = 1.5, Osc., Pul., 
® = 2.52, Osc., Pul., 
® = 4, Pul. 
12.7mm 20cm3/s =1, Flame starts separating Stable ® = 4, Osc. 
O.D. ® = 0.72, Flame blows off 
Table 3.1. b) Flame Conditions for Ethene Flames 
Glass Tube 22mm I.D. 29mm I.D. 35mm I.D. 
Bumer C2H4 Flow 
9.6mm 6.4cm>/s Stable Stable ® = 0.5, Osc. 
O.D. =0.5, Nonsmoking ® = 1, Osc., Cur. 
® = 1.5, Osc., Cur. 
= 2.5, Osc., Pul., Cur. 
® = 4, Osc., Pul., Cur 
9.6mm 3.2cm3/s Stable ® = 1, Cur. ® = 0.5, Osc 
O.D. @=0.5, Nonsmoking ® = 1.5, Osc., Pul., Cur. ® = 1, Osc 
® = 2.5, Osc., Pul., Cur. ® = 1.5, Osc., Cur. 
® = 4, Osc., Pul @= 2.5, Osc., Pul., Cur 
® = 4, Flame out. 
12.7mm = 6,4cm2/s Stable ® = 1.5, Cur ® = 0.5, Osc 
O.D. @=0.5, Nonsmoking ® = 2.5, Cur. ® = 1, Osc. 
® = 4, Pul ® = 1.5, Osc. 
® = 2.5, Osc. 
® = 4, Pul. 
12.7mm = 3.2¢m3/s Stable ® = 0.5, Nonsmoking ® = 0.5, Osc. 
O.D. @=0.5, Nonsmoking ® = 1, Cur. ® = 1, Osc. 
® = 1.5, Osc. ® = 1.5, Osc., Pul. 
® = 2.5, Pul. ® = 2.5, Pul. 
® = 4, Pul. ® = 4, Pul. 


Table 3.1. a) Flame Conditions for Methane Flames 


Osc.: Oscillating Flame 
Pul.: Pulsating Flame 
Cur.: Curved Flame 
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Predicted Flame Height (All Dimensions in mm) 


Methane 10 cm?/s 
@ = 1.0 ® =1.5 @ = 2.5 ® = 4.0 


Ethene 6.4 ia ae 
= 1.0 = 1.5 


8 
Figure W) Height and strucure of lammar diffusion tlames tor methane and ethene at different global 


equivaience ratios, ®. The solid lines adjacent to pictures tor ® > 1 represent the predicted flame height in 
millimeters trom the Burke and Schumann theory. 
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where A/FS {oj is the stoichiometric air 2» | fu.’ flow rate ratio and A and F are the actual air and fuel flow rates. 
The pictures shown in Figure 3.1 clearly mdicate the change in flame structure as the equivalence ratio increases 
from 1 to 4. The flames shorten and widen as the equivalence ratio increases. For © = 4 the flame front is clearly 
curving toward the outer tube, though such a curvature is not clearly evident at ® = 1.52. This may signify the 
quenching of the outward flame zone by the quartz chimney wall. When looking at the flame pictures one has to 
keep in mind that the flame height is not determined by the incandescent soot particles but by the actual reaction 
zone. In the case of under-ventilated flames it is especially difficult to determine the flame height simply by visual 
observations. The reaction zone cannot extend out to the quartz tube because of quenching and therefore the flame 
height appears somewhat shorter. One indication of the flame height is the necking of the flame which could be due 
to the flame extending almost to the wall and to the upward convection of radiating particles. If this is the case, the 
necking of the flame would offer a reference point for the measure of the flame height which has been used to 
compare to theoretical predictions. 

Next to the flame pictures appear the predicted flame heights in millimeters along with a solid bar which 
represents this height. These predicted flame heights were calculated using the Burke and Schumann theory (Burke 
and Schumann 1928). The diffusion coefficient used for the calculations was 0.60cm2/s which Roper et al. (1977) 
found best fit their data, rather than 0.492cm2/s which Burke and Schumann (1928) used in their work. Since the 
Burke and Schumann theory assumed equal air and fuel velocities some adjustment had to be made to account for the 
different gas velocities in the present study at different equivalence ratios. In the present study the fuel volumetric 
flow rate was maintained constant for different equivalence ratios. Using the actual fuel diameter to calculate the fuel 
velocity, an effective diameter was then calculated for the outer air passage based on the actual air flow rate such that 
the air and fuel velocities would be equal. The effective air tube diameter was then used in the flame height 
calculations. Burke and Schumann (1928) in their discussion of the effect of varying the size of the tubes inferred 
that the height of a cylindrical flame is not affected by the tube dimensions as long as the air and fuel flow rates are 
kept the same. This fact was bourne out in their studies. 

The predicted flame height is greater than the blue zone but less than the bright luminous part of the flame. 
The decrease in flame height with increasing ® is qualitatively predicted by the Burke and Schumann theory. The 
flame shapes are similar for methane and ethene flames but much more luminous radiation is emitted from the ethene 
flame. At an equivalence ratio equal to 1 the theory predicts a flame of infinite length and, thus, no predicted height 


is shown on Figure 3.1 for this condition. 


3.2. Gas and Soot Concentration Measurements 

saS concentration measurements were obtained for two distinctly different flame sampling conditions. 
Global measurements of CO and CO? from samples taken at the outlet of the chimney were obtained for different 
global equivalence ratio flames and point sampling measurements were made in which a wider range of species were 
determined at different heights inside a flame of global equ: valence ratio of 4. Both samn!ing methods were described 
in the preceding chapter. Soot measurements were done only for the global equivalence «10 studies and were always 


obtained at the outlet of the chimney. Point sampling measurements were analyzed using a gas chromatograph and 
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global measurements were done mainly with NDIR analyzers, although some comparison measurements were done 
using the gas chromatograph and found to agree with the NDIR results. 


3.2.1. Global Measurements of CO and Smoke Concentration 

All the results presented are reported on a dry basis with nitrogen used as diluent im the combustion products 
(see Chapter 2). Some of the data is reported in terms of a yield (€) on a mass basis. The CO yield, eco, is equal 
to the mass of CO produced per unit mass of fuel entering the burner. The procedure for determining the yield is 
outlined below. First the volume flow rate of CO, Fco, is computed from the measured volume concentration of 
CO (in percent), XCO, and the total volumetric flow rate through the dilution tube, FT, corrected to ambient 


conditions, XcoF 
poe oO (3.1) 
Send. 00 
Next the density of CO, pco, is obtained from the ideal a law as 
McoPa 
= . D2 
Pco RT, (3.2) 


where MCo is the molecular weight of CO and the subscript A refers to ambient conditions. From Equations 3.1 


and 3.2 , the total mass flow rate of CO, Mo, is ones as * 
nn oe SCOTT McoPa : 
So INOUE, See 


To compute the yield of CO the mass flow rate of fuel is also needed, which is obtained from the volumetric flow 
rate of the fuel, Fr, and its density, pf. Using an expression similar to Equation 3.2 for computing the density, the 


following expression is obtained for the mass flow rate of fuel: 


MgPa 
mp = Fe ——. 3.4 
F=Ip RTa (3.4) 
The yield of CO, eco, is obtained from Equations 3.3 and 3.4 as the ratio of the mass flow rate of CO to the mass 
flow rate of fuel, 
Mco _ XcoFtMco 
=— =. Bh 
Soe ai aad OORENTE oe) 


The above expression requires that the fuel and combustion products are at, or are corrected to, the same temperature 
and pressure. 

In Equation 3.5 the total volumetric flow rate FT was approximated as the sum of the volumetric flow rates 
of N2, fuel and air. This is a good approximation since the volumetric flow rate of N2 accounts for at least 94% of 
the inlet flow rate for both the methane flame at a flow rate of 10cm=/s and the ethene flame at a flow rate of 
6.4cm3/s for all values of ® measured for a typical dilution flow rate of N2 of 590cm3/s. Furthermore, for both 
methane and ethene, the sum of the number of moles of CO? and H20 produced by complete combustion is equal to 
the sum of the number of fuel and oxygen moles. For ® < 1 complete combustion is a good approximation. For 
® > 1 there is a significant amount of CO and possibly H2 produced in addition to H2O and CO?; however as ® 
increases, an increasingly large percentage of the inlet flow is N2. For ® = 1.5, 97% of the mlet flow is N2 for the 


two fuel flow rates given above. The production of smoke will result in a reduction in the outlet gas flow rate; 
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1- -wever, even if 10% of the fuel carbon becomes smoke for ethene, wh:. 1 is greater than any value measured, the 
reduction in the volumetric flow rate is only 0.1% for ® = 1. 

So we see that for ® > 1 , the above flow rate approximation is valid to within about 3%. One other factor 
plays a role for ® in the range 0.5-1.0; that is, the fact that the water produced by the combustion, is removed by the 
wet and dry ice traps. Assuming complete combustion and assuming all the water is removed by the cold traps, the 
total flow rate is reduced by 2.9% for the methane diffusion flame with a fuel flow rate of 10cm3/s and 1.9% for the 
ethene diffusion flame with a fuel flow rate of 6.4cm2/s. Therefore, FT approximated as the sum of the N2, air, and 
fuel flow rate is estimated valid to within 3%. 

The smoke yield had to be calculated in a slightly different manner than the CO yield. The smoke yield, 
€S, was determined by multiplying the mass flow rate of smoke collected on a filter (Ms), by a dilution factor (fp) 


and dividing by the fuel mass flow rate: 


_ Ms fp 
s FEprF ee) 


where FF is the fuel volumetric flow rate and pF the density of the fuel. The dilution factor (ff) was defined as the 
ratio of the total volumetric flow rate and the volumetric flow rate through the filter. 

Typical results for the methane diffusion flame with a fuel flow rate of 10cm3/s and the ethene diffusion 
flame with a fuel flow rate of 6.4cm?/s are given in Table 3.2. The repeat CO yield measurements for ® > 1.52 
agree within 2%; the large difference at © = 1.0 results from the great sensitivity of yield to ® near ® = 1. 

An estimate of the accuracy of the method for computing gaseous yields can be made by comparing 
measured CQ? yield for ® = 0.5 with the predicted CO? yield for complete combustion for methane and ethene. For 
over-ventilated burning the major carbon containing product of combustion is CO2. For methane at ® = 0.5, the 
measured yields are about 4% greater than the predicted value of 2.75, while for ethene the measured values are about 
2% less than the predicted value of 3.14. From the CO? analog of Equation 3.5 the overall uncertainty is estimated 
to be 6%, by combining the uncertainties associated with volume fraction and flow rate measurements. Thus, the 
methane and ethene results are within the expected uncertaity range. For ethene, 2% or 3% of the fuel carbon is 
emitted as smoke particulate at ® = 0.5 so perfect agreement with the predicted value of 3.14 is not expected. In 
Table 3.2 a carbon balance is included as the ratio of the mass outflow of carbon based on CO?, CO and smoke to 
mass inflow of carbon in the fuel. The repeatability of the CO yield measurements is +3% over the range 1.15 < ® 
< 4 (see Table 3.2). Combining im quadrature the repeatability uncertainty with the systematic uncertainties in the 
CO gas analyzer, +2%, and the flow uncertainty, +3%, leads to a combined uncertainty of +5% of the measured CO 
yield. At ® = 0.5, the uncertainty is on the order of +50% because of the CO concentration is so low as to approach 
the instrument noise. 

The measured smoke yields are an underestimate by 20% to 25% because of the estimated 13% wall 
deposition and a nominal 10% penetration of particles larger than 0.3m. The estimated repeatability of the smoke 
yield results, +8%, is more variable than for the CO yield, because one additional flow rate (smoke sampling flow) 
is needed and because of the variability associated with particle deposition and penetration. 

With the definitions given above in mind, a discussion of the results obtained from global concentration 


measurements as a function of global equivalence ratio will be presented. Figures 3.2, 3.3 and 3.4 show the CO and 
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Figure 3.2. Volume concentration in percent of CO and CQ? as a function of global equivalence ratio, ®, 


from the methane diffusion flame with a fuel flow rate of 10 cm3/s for burner configuration 1. 
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Figure 3.3. CO yield as a function of global equivalence ratio, ®, from the methane diffusion flame with 


a fuel flow rate of 10 cm3/s and ethene with a fuel flow rate of 6.4 cm2/s for burner configuration 1. 
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Figure 3.4. CO yield as a function of global equivalence ratio, ®, from the ethene diffusion flame with 
fuel flow rates of 6.4 cm?/s and 3.2cm?/s for burner configuration 1. 
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CO? volume concentration and yields as a fur -ion of the global equivalence ratio, ®. One striking characteristic of 
Figures 3.2, 3.3 and 3.4 is the sudden increase in CO production when the global equivalence ratio reaches a value of 
1. At this point insufficient oxygen is available for the complete oxidation of CO and since the oxidation reaction 
of CO to CO? is relatively slow compared to the oxidation of the fuel to form CO, the fuel is oxidized to CO but 
the CO remains unoxidized. This behavior is observed for both the methane and ethene flames. Although not 
shown in the data plotted in these figures, results were less repeatable at © = 1 because of the great sensitivity of 
CO yield to ® near ® = 1. In Figure 3.2 the reduction of both CO and CO? production indicates a lower 
combustion efficiency when ® > 1. Figure 3.3 shows that an under-ventilated ethene flame produces more CO per 
gram of fuel than a methane flame and that the CO production peaks at a higher @ than in the methane flame. A 
higher fuel flow rate, as shown in Figure 3.4 for ethene, seems to promote formation of CO and also shift the CO 
yield peak to higher ®. The same trend was observed with methane when the flow rate was increased to 20cm3/s. 
Figure 3.5 shows the CO and the smoke yield for an ethene diffusion flame with a fuel flow rate of 6.4 cm3/s as a 
function of the global equivalence ratio. Ethene, which is known as a strongly sooting flame, produces smoke even 
at a global equivalence ratio of 0.5. Almost no CO is produced until ® reaches a value of 1, but the smoke yield 
increases from ® = 0.5 to 1.0. No direct relationship between CO and smoke formation similar to the ones reported 
by McCaffrey and Harkleroad (1988) and Fisher and Grosshandler (1988) in their work on over-ventilated pool fires 
and K6ylii et al. (1991) im their work on over-ventilated turbulent diffusion flames seems to be valid. As noted by 
K6ylii et al. (1991), the reason why no variation of CO concentration was observed for ® < 1 might be because of 
the lower resolution of the CO concentration measurements, in the case of the present work, due to high nitrogen 
dilution. 

In Figure 3.6 (notice the change in scale for the smoke yields), the smoke yield from an ethene flame is 
compared to a methane flame, the latter is known to be a low sooting fuel and is observed to produce little soot 
below ® = 1. The peak smoke yield of methane and ethene differ by about a factor of five but the peak CO yield 
differ by only 20%. When Figures 3.6 and 3.3 are compared, it is found that an under-ventilated (fuel rich, ® > 1) 
ethene diffusion flame produces more CO and more smoke than a methane diffusion flame at the same equivalence 
ratio. This results contradicts the findings of Beyler (1986) on over-ventilated pool fires and Puri and Santoro (1991) 
on over-ventilated laminar diffusion flames. These workers found that in fuel rich regions (local equivalence ratio, 9, 
> 1) as soot concentration increased, CO concentration decreased. The specific reason for the reversal of the trends m 
the CO and soot concentrations between under- and over-ventilated diffusion flames is not clear from the present 
global studies and further study is warranted. The differences in the flame structure between the ventilation 
conditions may be the basis for the observed differences. As the global equivalence ratio increases above 2, the 
smoke yield drops and is almost 0 at ® = 4 for both methane and ethene. The reduction in soot formation at high 
global equivalence ratio is probably due to lower temperatures in the inception soot particle zone. Although ethene is 
normally considered to be a strongly sooting fuel, two interesting results are shown in Figure 3.7 and 3.8. Figure 
3.7 shows that no smoke is produced by an ethene flame at ® = 0.5 with a flow rate of 3.2cm3/s in the same burner 
configuration as the smoking flame with a flow rate of 6.4cm3/s. This result is consistent with the reported smoke 
point fuel flow rate of 4.3cm3/s for ethene (Schug et al. 1980) since the fuel flow rates studied here lie well below or 
above the reported smoke point fuel flow rate. Thus the 3.2cm3/s ethene flame should be non-smoking while 
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Figure 3.5. CO and smoke yield as a function of global equivalence ratio, ®, for the ethene diffusion 
flame with a fuel flow rate of 6.4 cm?/s for burner configuration 1. 
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Figure 3.6. Smoke yield as a function of global equivalence ratio, ®, for the methane diffusion flame 
with a fuel flow rate of 10cm?/s and ethene diffusion flame with a fuel flow rate of 6.4 cm3/s for burner 
configuration 1. 
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Figure 3.7. Smoke yield as a function of global equivalence ratio, ®, for the ethene diffusion flame with 
fuel flow rates of 6.4cm3/s and 3.2cm>/s for burner configuration 1. 
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Figure 3.8. CO and smoke yields as a function of global equivalence ratio, ®, for the ethene diffusion 
flame with a fuel flow rate of 6.4cm?/s for burner configurations 1 and 2. 
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6.4cm3/s flame should exhibit smoking characteristics. In Figure 3.8 the CO and smoke yields are plotted for two 
different burner configurations for flames burning ethene with the same fuel flow rate of 6.4cm3/s. An interesting 
feature of this plot is the drop of the smoke yield when ® < 1, and essentially no smoke is produced at ® = 0.5 in 
burner configuration 2 which is distinctly different from the observations for burner configuration 2. From Figure 
3.8, one can see that a reduction in soot formation results in a slight increase of CO formation. 

The major effect in changing from burner configuration 1 to bumer configuration 2 is to increase the exit 
velocity of the air stream by a factor of 1.91. The specific reason for the observed change in the smoking conditions 
of the flame is not known at the present time. Since this effect was observed at over-ventilated conditions, it was 
deemed to be outside the scope of the present research effort which is focused on under-ventilated conditions. None 
the less, this is an interesting feature given the importance of smoke point tests in the development of an 
understanding of soot formation processes. 

When some of the fuel, in a methane or ethene under-ventilated flame at a constant carbon flow rate, is replaced by 
methanol or toluene, the amount of carbon converted to CO with respect to CO? varies, as do the sooting properties 
of the flame. Figures 3.9 and 3.10 show the effects on the CO to CO? volume concentration ratio of methanol and 
toluene addition to the methane and ethene diffusion flames. The specific fuel flow rate conditions for these mixture 
flames are given in Table 3.3. Figures 3.11 and 3.12 show similar plots for the yield of CO and CO? in these same 
flames. No complementary quantitative data was taken on the soot yield. However, visually soot formation was 
greatly reduced in the methanol additive flame while soot significantly increased in the toluene case. This is 
Consistent with the reported sooting tendencies of these fuels (Glassman, 1987, pp. 366). Thus, in both the methane 
and ethene diffusion flames, toluene reduced CO formation and increased soot formation, while methanol had the 
opposite effect and increased CO formation but reduced soot formation. Comparison of Figure 3.9 with Figure 3.11 
shows that for the methane mixture flames, methanol increases the CO yield and the ratio of the CO and CO2 
volume concentrations, while toluene decreases both of these quantities. The effect on the ratio of the CO and CO? 
volume concentrations is observed to be more produced for methanol in the methane mixture case than for toluene. 
The largest effects are observed over a global equivalence ratio range between 1 < ® < 2. 

Figures 3.10 and 3.12 show similar results for methanol and toluene addition to the ethene laminar 
diffusion flames. In general the same trends are observed as described above for methane diffusion flame. The CO 
and CO? volume concentration ratio and CO yield decrease with increasing soot concentration. However, the 
changes im the CO yield are much smaller for methanol addition in the ethene flame than in the methane flame. The 
differences observed between the methanol additive flames is likely due to the difference in the balance between OH 
radical attack on soot particles and CO in the two flames. Since methanol includes OH as part of its fuel structure, 
higher levels of OH may occur in the flames to which methanol is added. The relative reactivity of OH to soot 
particles and CO will therefore be influenced by the local OH concentration and temperature which could differ widely 
in the two flames. The reduction in soot formation and increase in CO formation in the under-ventilated mixture 
flames differs from the trend observed previously (see Figure 3.3 and 3.6) in which CO concentration was seen to 


increase with increasing soot concentration. These latter results are similar to the work of Beyler (1986) and Puri 


100 


Table 3.3. Air flow rates (in cm/s) for gas and liquid mixtures as a function of equivalence ratio. 


Methane 12.8cm?/s Ethene 6.4cm3/s 
® 20% Methanol 20% Toluene 20% Methanol 20% Toluene 
0.50 231.4 226.3 182.8 177.5 
0.57 203.0 198.5 160.3 155.7 
0.66 175.3 171.5 138.5 134.5 
0.76 152.3 148.9 120.3 116.8 
0.87 133.0 130.1 105.0 102.0 
1.00 115.7 113.2 91.4 88.8 
1.15 100.6 98.4 79.5 77.2 
1.32 87.7 : 85.7 69.2 67.2 
1.52 76.1 74.5 60.1 58.4 
1.74 66.5 65.0 52.5 51.0 
2.00 57.9 56.6 45.7 44.4 
begs Py 45.9 44.9 36.3 ie 4 
3.18 36.4 35.6 28.7 27.9 
4.00 28.9 28.3 22.8 22.2 
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Figure 3.9. CO and CO? volume concentration ratio as a function of global equivalence ratio, ®, for 
methane and methane mixture diffusion flames burning additions of methanol or toluene (see Table 3.3 


for flow conditions). 
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Figure 3.10. CO and CO? volume concentration ratio as a function of global equivalence ratio, ®, for 
ethene and ethene mixture diffusion flames burning additions of methanol or toluene (see Table 3.3 for 


flow conditions). 
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Figure 3.11. CO yield as a function of global equivalence ratio, ®, for methane and methane mixture 


diffusion flames burning additions of methanol or toluene (see Table 3.3 for flow conditions). 
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Figure 3.12. CO yield as a function of global equivalence ratio, ®, for ethene and ethene mixture 


diffusion flames burning additions of methanol or toluene (see Table 3.3 for flow conditions). 
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and Santoro (1991) with regard to the relative trends in CO and soot concentration. Very little CO was measured 
when ® < 1 and there does not seem to be a relationship between CO formation and soot formation in the over- 
ventilated mixture flames. 

Measurements of species concentration as a function of equivalence ratio have been made in other diffusion 
flame experiments and can be compared to the present results. In Figure 3.13, the present results for the ratio of CO 
and CO? volume concentrations are compared with the measurements of Mitchell et al. (1980), for over-ventilated 
laminar methane/air diffusion flames and Puri (1992) for under-ventilated laminar methane/air diffusion flames. In 
the studies of Mitchell et al. (1980) and Puri (1992), the equivalence ratio was determined locally in the flame based 
on point sampling probe measurements. Thus, the results shown in Figure 3.13 compare measurements of local 
CO and CO? concentrations with global measurements undertaken in the present study. The CO and CO? 
concentration ratio assesses changes in flame chemistry as the global equivalence ratio is varied since CO and CO? 
are the major combustion products containing carbon. Clearly all three sets of data show the same qualitative trends 
as the equivalence ratio (global, ®, or local, @) is varied. The under- and over-ventilated diffusion flames show 
nearly identical trends based on local measurements with XCO/XC(Q? first showing an increase at a local equivalence 
ratio of 0.8. The local measurements in Figure 3.13 indicate a relative constant value of XCO/XCQ2 when ® > 
1.5. The global equivalence ratio studies conducted in the present work show similar general trends to those 
observed for the local measurements described above. However the increase in XCO/XCQ?2 occurs at a slightly 
richer equivalence ratio near a value of 1. The global equivalence ratio studies also show a slight decrease in 
XCO/XCO?2 for ® > 3.0. These differences likely reflect the fact that the global measurements represent some 
average over the local equivalence ratio value in the flame. Thus, even for rich global equivalence ratios, there are 
some locations in the flame which have lean or stoichiometric conditions (lowering XCO/XCQ2) while for lean 
conditions complete conversion of CO to CO? will occur (leaving XCO/XCQ2 unchanged between the global and 
local equivalence ratio representations). Based on this view, the results for the global equivalence ratio studies are 
quite consistent with the local equivalence results. 

Studies have also been conducted on the emission of CO using large unsteady buoyant diffusion flames (Toner et al. 
1987; Morehart et al. 1990). In these studies the flame products issued into a large hood where species 
measurements were made. In these experiments, the height of the collection hood relative to the burner controlled 
the air entrainment into the flame. The results of the studies by Toner et al. (1987) and Morehart et al. (1990) for 
XCO/XCOQ?2 are shown in Figure 3.14 along with the global equivalence ratio results obtained as part of the present 
study. The results from Toner et al. (1987) and Morehart et al. (1990) do not show a sudden increase in CO 
formation at ® = 1 but rather a gradual increase when ® > 0.5 which continue to increase nearly linearly into the 
fuel rich region (® < 3). 

The difference in these results in terms of the behavior for XCOQ/XCQ? with variations in the global 
equivalence ratio is quite striking and points to the importance of local mixing conditions on the emission of CO 
from fires. The studies of Toner et al. (1987) and Morehart et al. (1990) involved longer residence times and different 
temperature conditions than employed in the present under-ventilated laminar diffusion flame studies. Thus, to 
understand these more complicated fire situations, the results of our more basic studies need to be integrated with 
appropriate mixing and chemistry models which account for these other features. 
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Figure 3.13. Comparison of local XCO/XCQ2 versus local equivalence ratio, , for under- and over- 
ventilated laminar methane/air diffusion flames and global XCOQ/XCQ?2 versus global equivalence ratio, 
®. The under-ventilated laminar diffusion flame results were taken from Puri (1992) while the over- 


ventilated studies are those of Mitchell et al. (1980). 
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3.2.2. Point Measurements of Species Concentration in Under-Ventilated Laminar Diffusion Flames. 
Local concentration measurements were obtained using two types of quartz microprobes as described in the Chapter 
2. Concentration profiles of the species contained in a methane and ethene under-ventilated laminar diffusion flame 
at a global equivalence ratio of 4 were obtained at three different heights in the flame. These heights were determined 
based on the local equivalence ratio at the center line to allow comparisons between the different flames. The local 
equivalence ratio is defined as the ratio of the stoichiometric number of oxygen atoms needed to react with all the 
carbon and hydrogen atoms to form CO? and H20, to the available number of oxygen atoms. For example if 
methane and ethene are the only hydrocarbons locally present in a combustion process under consideration, the 


expression for the local equivalence ratio would be 
pec H» + 2CO2 + 4CHy4 +2CO + 6C2H, + H2O 
% 2CO, + 20, + CO + H,O 


where the species are given in wet volumetric concentrations. In the present experiments the species concentrations 
were measured with a gas chromatograph on a dry basis with H2O calculated based on a H atom balance and included 
in the concentration calculations of each species. In the particular gas chromatograph configuration used in this 
work, H2 was neglected because it could not be calibrated due to its similar thermal conductivity with the helium 


(3.7) 


carrier gas, its small concentration and the fact that H2 would appear as a double peak on the integrator of the FID 
analyzer. Other species measured by the gas chromatograph and their coefficients in Equation 3.7 are shown in the 
Table 3.4. One should note that a much more extensive group of hydrocarbon species are included in Table 3.4 since 
in these rich under-ventilated flames many hydrocarbons form from the parent methane or ethene fuel. These species 
must be included in the expression for the local equivalence ratio since they occur in significant concentrations. The 
expression given in Equation 3.7, which includes only methane and ethene, is for a simplified case and is used to 
simply illustrate the local equivalence ratio concept. 

Detailed species measurements were obtained for two under-ventilated laminar diffusion flames with a global 
equivalence ratio of 4. A methane and an ethene diffusion flame were studied. For the methane flame the fuel flow 
rate was 10 cm3/s with a corresponding air flow rate of 23.8cm:>/s while for the ethene case, the fuel was supplied at 
a flow rate of 6.4 cm/s and air at a flow rate of 22.8cm3/s. For each flame, burner configuration 1 was used (see 
Table 2.1). Since the size and shape for these two flames were quite different (see Figure 3.1), it was decided to 
profile the flames at the centerline positions which displayed similar local equivalence ratios. Unfortunately this 
proved to be difficult in the ethene flame because of sampling complications. It was impossible to sample the 
ethene diffusion flame with the smaller orifice quartz probe (referred to as "quartz microprobe") above a height of 
2.5mm due to soot particle clogging of the probe. On the other hand measurements done below 14mm with the 
Electromagnetic Sonic Probe (referred to as "EMS probe") would perturb the flame seriously. By careful selection of 
the appropriate probe and sample locations some measurements were obtained for both flames and are shown in 
Figure 3.15. Figure 3.15 indicates that each of the flames display similar trends in terms of the variation of the 
local equivalence ratio, @, with increasing height. In addition to the ethene and methane flames described above, 
measurements for an under-ventilated methane flame previously studied by Puri (1992), which had a fuel flow rate of 
21 cm3/s, are shown. This higher methane flow rate case shows the effect of fuel flow rate on the axial profile of 
the local equivalence ratio, 6. As expected as the fuel flow rate increases the axial profile for shifts to higher 


108 


® Toner et al. (1987) 
—+7Ar— This work 
@ Morehart et al. (1990) 


Figure 3.14. Comparison of XCO/XCO2 versus global equivalence ratio, F, for the present under- 
ventilated laminar diffusion flames and the turbulent natural gas flames studied by Toner et al. (1987) and 


Morehart (1990). 
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Figure 3.15. Local equivalence ratio as a function of height along the center line in a methane and an 
ethene under-ventilated laminar diffusion flame of a global equivalence ratio of 4 for both probes used in 


this study. 
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locations. Results taken with the two different probes, in general, show similar results. This is particularly true for 
the methane flame with a flow rate of 10 cm/s. Reproducibility of the ethene flame is not as good and this led to 
some difficulties in comparing the concentration profiles at similar centerline values of 6. 

In the end, two heights were chosen for comparison based on the centerline equivalence ratio and a third 
height was chosen arbitrarily and corresponded to a location where concentration profiles could be easily obtained. 
The two sets of heights chosen for comparison based the centerline value of @ correspond to: 1) a height of 3.5mm 
(@ = 1590) in the methane flame and 2.5mm ( = 1703) in the ethene flame and a height of 16mm (6 = 13) in the 
methane flame and 21mm (@ = 4) in the ethene flame. Finally, measurements were also taken at a height of 10mm 
(@ = 25) in the meihane flame and at 1.5 mm (@ = 3061) im the ethene flame. Although the conditions achieved at 
these center line locations can be argued to be similar, they also reflect the difficulty m obtaining reproducible 
concentration measurements in these under-ventilated diffusion flames. Thus, comparisons between the results in the 
two flames must keep these limitations in mind. None the less, the trends observed in the present study are viewed 
to be representation of under-ventilated flames in general. Additional quantitative comparisons should be pursued in 
future work. 

The concentration profiles obtained for the methane and ethene flames, in terms of mole fraction, are shown 
in Figures 3.16 and 3.17. The concentration profiles at the heights of 3.5mm and 2.5mm for the methane and 
ethene flames respectively (Figure 3.16 (top) and 3.17 (middle)) show that the reaction zone, as indicated by the 
respective coimcident minimum in the fuel and oxygen concentrations, occurs at a radial location of 7mm. Both of 
these measurements heights (as well as the 1.5mm position in the ethene flame shown in Figure 3.17 (top)) display 
concentration profiles similar to those observed in over-ventilated flames at similar axial positions. In particular, 
note that the CO profile achieves a local maximum just to the fuel rich side of the reaction zone as is typically 
observed in over-ventilated flames (Mitchell et al., 1980). A similar profile shape will be observed for the 
temperature field at this location (see Section 3.5). Both flames are observed to have small amounts of oxygen on 
the fuel rich side of the diffusion flame at these lower heights. This is likely due to oxygen diffusing into the flame 
near the exit of the bumer where the flame front is quenched by the presence of the fuel tube. 

At higher locations im the flame, the species concentration profiles are quite different from those describe 
above. At the 16mm location in the methane flame and the 21mm location in the ethene flame, the concentration 


Table 3.4. Coefficients of Different Species Measured for the Determination of the Local Equivalence 


Ratio (). 
Name Formula Coefficient Name Fornula Coefficient 
Ethane C2H6 v Acetylene C2H2 5 
Propane C3Hg 10 Propene C3H6 9 
Butane C4H10 13 Butene C4Hg 12 
Pentane CsH12 16 Pentene C5H10 15 
Hexane _ C6H14 19 Hexene C6H12 18 
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profiles are considerably more uniform across the entire flame. Since these positions likely lie above the location 
where the flame has reached the wall (or been quenched by the wall), no distinct reaction zone is observed as was the 
case for the lower positions. Fairly large concentrations of fuel remain as would be expected for these under- 
ventilated conditions. The continued presence of oxygen is somewhat surprising, but may reflect the temperature 
conditions presence in these flames (see Section 3.5). The concentration profiles observed at these higher locations 
differ greatly from those observed in over-ventilated flames at similar heights and reflect the unique structure of 
under-ventilated laminar diffusion flames. 

Figures 3.18 and 3.19 show the fuel and CO molar fractions as a function of local equivalence ratio in the 
methane and ethene under-ventilated flames(® = 4) at the measurement heights specified above. In both flames the 
fuel and CO fractions are strongly dependent on the local equivalence ratio. Both species increase rapidly as the 
equivalence ratio ($) exceeds 1. However the CO mole fraction is observed to decrease towards 0 for @ >> 1. This 
strong dependence on local equivalence ratio can be explained by the rapid reaction rates of characteristic fuel 
oxidation to form CO. At the temperatures found in the flame, fuel and oxidizer react quickly to form CO, however, 
CO oxidation, on the other hand, is comparatively slow. The oxidation of CO to form CO2 depends on the presence 
of radicals formed by reacting O2 molecules, typically OH and O, which are m low concentrations in fuel rich 
regions. The unoxidized CO is therefore able to diffuse throughout the rich side of the flame where little O2 is found 
to form radicals. 

It would be expected that CO should be found in greater amounts at lower heights m an under-ventilated laminar 
diffusion flame since this is where it is produced, and then diffuses throughout the flame. Figure 3.18 supports this 
argument for the methane flame where a larger CO peak mole fraction of 0.03 is found at a @ between 1 and 2 ata 
height of 3.5mm which then decreases to a CO mole fraction of 0.025 at a height of 10mm and finally at a height of 
16mm to approximately 0.02 throughout the flame. A similar trend is observed for the ethene flame where the CO 
peak mole fraction measured at the 1.5mm and 2.5mm are approximately 0.042 as compared to 0.035 at the 2imm 
height. There are two additional points to note regarding the ethene diffusion flame results. First, the peak CO 
mole fractions occur at slightly larger local equivalence ratios as compared to the methane flame. A similar trend 
with respect to the CO yield as a function of global equivalence ratio was observed between the two fuels. Second, 
the CO mole fraction does increase slightly between the 1.5mm and the 2.5mm heights which likely mdicates that 
the peak CO may increase slightly until the flame height is exceeded (see Figure 3.1). More axial locations would 
need to be measured to further resolve this point. 

In Figures 3.20 and 3.21 global measurements and point measurements in the flame of the ratio of CO and 
CO? mole fractions are compared as was previously done in Figure 3.13 and 3.14, comparing the results of other 
workers with the present study. The overall shape of the global and local measurements are similar except for the 
presence of a decrease in XCO/XCQ?2 global measurements. This decrease occurred at ® = 2 for the methane 
diffusion flame and ® = 2.5 for the ethene diffusion flame. The local measurements of XCO/XCQ? do not show 
this decrease but indicate an increase in CO concentration with respect to CO2 as measurements are taken closer to 
the centerline where 9, the local equivalence ratio, tends to infinity. These results can be compared to those 
presented in Figure 3.13 which compared results from other workers. The XCO/XC(CQ2 ratio presented in 
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Figure 3.16. CO, O2 and CH4 mole fraction radial profiles in a methane under-ventilated laminar 
diffusion flame with a fuel flow rate of 10cm3/s at three different heights: 3.5mm (top), 10mm (center) 
and 16mm (bottom). 
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Figure 3.17. CO, O7 and C2H4 mole fraction radial profiles in an ethene under-ventilated laminar 
diffusion flame with a fuel flow rate of 6.4cm3/s at three different heights: 2.5mm (top), 11mm (center) 
and 21mm (bottom). 
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Figure 3.18. Mole fraction of CH4 and CO versus local equivalence ratio, o, for selected axial locations 
(3.5mm, 10mm, 16mm) in the methane diffusion flame with a fuel flow rate of 10cm3/s at a global 


equivalence ratio, ®, of 4.. 
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Figure 3.19. Mole fraction of C2H4 and CO versus local equivalence ratio, $, for selected axial locations 
(1.5mm, 2.5mm, 21mm) in the ethene diffusion flame with a fuel flow rate of 6.4cm?/s at a global 


equivalence ratio, ®, of 4.. 
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Figure 3.20. Local and global XCO/XCQQ2 as a function of local () or global (®) equivalence ratio m a 
methane diffusion flame with a fuel flow rate of 10cm2/s. Local measurements of XCO/XCOz2 ratio are 
shown for three different heights. 
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Figure 3.21. Local and global XCO/XC(Q2 ratio as a function of local () or global (®) equivalence ratio 
in an ethene diffusion flame with a fuel flow rate of 6.4cm3/s. Local measurements of XCO/XCQ? ratio 
are shown for three different heights. 
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Figure 3.20 tends tow«-d the value of 0.6 for large , similar to the results of Puri (1992) take.: for an under- 
ventilated methane flame. Over-ventilated methane diffusion flame (Mitchell et al. 1980) appears to produce locally 
more CO, resulting in a XCO/XC(Q? ratio of 0.7. 

It is difficult to argue that there are any significant trends with respect to concentration measurements 
shown in Figures 3.20 and 3.21. One can observe a slight decrease in the XCO/XC(C? ratio of the highest 
measurement locations (16mm and 21mm respectively for the methane and ethene flames) which would be consistent 
with the argument that longer reactions times are required to convert CO to CO? as compared with its production 
from the fuel oxidation process. Note that both the methane and the ethene diffusion flames had a global equivalence 
ratio of 4 which correspond to the largest global equivalence ratio studied. The global XCO/XCQ? ratio value was 
approximately 0.34 and 0.46 respectively for the methane and ethene flames at @ = 4. As the measurement height 
increases the local values of XCO/XCOQ2 ratio appear to be slowly approaching the global values. 

Figure 3.22 shows the molar fraction of CO, 02, C2H4 and C2H?2 in a methane flame. The acetylene, 
C2H?, mole fraction peak is just inside of the reaction zone located where the oxygen and fuel concentration tend to 
zero. The fuel rich zone is where soot is observed to form. Comparing Figure 3.22 with the results for the ethene 
diffusion flame presented in Figure 3.23 and 3.24 shows that the concentration of C2H? in the ethene flame at 
approximately the same height is seven times greater. Since the ethene produces a sootier flame than methane, the 
higher concentration of acetylene lower in the ethene flame is consistent with the hypothesis that acetylene is related 
to soot particle growth. The larger differences in the acetylene mole fraction as compared to the CO mole fraction in 
the methane and ethene diffusion flames is striking. The CO mole fractions in the two flames differ by less than a 
factor of two at the locations shown in Figures 3.22, 3.23 and 3.24, but the C2H? are about a factor of seven 


greater. 


3.3. Temperature Measurements in Under-Ventilated Laminar Diffusion Flames 

Temperature profiles have been obtained in methane and ethene under-ventilated diffusion flames under 
conditions identical to those employed for the in-flame concentration measurements. The flame conditions selected 
correspond to a global equivalence ratio of 4. For the methane under-ventilated diffusion flame, the fuel and air flow 
rates were 10cm3/s and 23.8cm?/s, respectively. In the case of the ethene flame, the fuel and air flow rates were 
6.4cm3/s and 22.8cm3/s, respectively. The calculated adiabatic flame temperature for these flames is 944 K for the 
methane flame and 1279 K for the ethene flame corresponding to an equivalence ratio of 4. Radial profiles of the 
temperature field were obtained as a function of axial location above the fuel tube exit. 

Temperature measurements were obtained using uncoated Pt-P/Rh thermocouples which were rapidly 
inserted into the flame to minimize soot deposition (see Section 2.6). Soot deposited on the thermocouple bead 
during the measurements was removed by placing the thermocouple bead near the flame front where the soot was 
rapidly oxidized. Figures 3.25 and 3.26 show plots of the measured temperatures as a function of the measurement 
location (displacement) for several axial locations for both the methane (Figure 3.25) and the ethene (Figure 3.26) 
under-ventilated diffusion flames. The displacement distance is simply the position relative to the edge of the 
measurement field where data was first obtained. It can be converted to radial position by selecting the origin of the 
radial coordinate based on flame symmetry considerations. These data have been corrected for radiation effects, but 
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Figure 3.22. Mole fraction of CO, CO2, C2H2 and O2 in a methane diffusion flame with a fuel 


flow rate of 10cm3/s and ® = 4 ata height of 3.5mm. 
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Figure 3.23. Mole fraction of CO, CO7, C2H?2 and O2 im an ethene diffusion flame with a fuel flow rate 


of 6.4cm3/s and ® = 4 ata height of 2.5mm. 
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Figure 3.24. Mole fraction of CO, CO2, C2H2 and O2 im an ethene diffusion flame with a fuel flow rate 


of 6.4cm>/s and ® = 4 ata height of 1.5mm. 
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Figure 3.25. Radial temperature measurements in a methane laminar diffusion flame with a fuel flow rate 


of 10cm3/s and a global equivalence ratio of 4 at selected heights. 
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Figure 3.26. Radial temperature measurements in an ethene laminar diffusion flame with a fuel flow rate 


of 6.4cm3/s and a global equivalence ratio of 4 for selected heights. 
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have not been centered relative to the axis of symmetry of the profiles. The measurements generally show good 
symmetry for the lower axial locations (heights lower than 25mm), while showing some deviation from symmetry 
at the higher locations. This trend reflects the difficulty in achieving stable under-ventilated flames as well as the 
higher sensitivity of this flame to the presence of mtrusive probes as compared to the Situation observed for over- 
ventilated flames. 

The general trends for the evolution of the temperature field in the two under-ventilated flames are similar. At the 
lowest axial positions a maximum of about 1800K in the temperature field is observed near the edges of the 
measurement field. This maximum temperature decreases rapidly with increasing height in the flame and the profile 
broadens towards the interior of the flame. At the highest axial locations measured, a flat, although non-symmetric, 
profile is achieved which varies between 600K and 900K. The evolution of this temperature field is quite different 
from that observed in over-ventilated flames. For over-ventilated conditions, a similar profile to that observed for the 
under-ventilated flame would be observed at the lowest axial location. However, the annular structure of the 
temperature profile is maintained over a much larger axial extent for the over-ventilated flame with a smaller decrease 
in the maximum temperature as a function of height in the flame. Additionally, for the over-ventilated case, the 
annular structure also broadens with height, but eventually achieves a maximum along the centerline of the flame. 
Thus, the temperature results indicate that a quite different flame structure results for under-ventilated flame 
conditions as one would expect. It should be noted that the adiabatic flame temperatures for a global equivalence 
ratio of 4 for the methane and ethene flames are 944K and 1279K, respectively. Comparisons with the measured 
temperature data show that we should expect relatively low temperatures im these flames which 1s reflected in the data 
taken at the higher axial locations in the methane (height of 35mm) and the ethene flame (height of 31mm). 
However, even at these positions, the measured temperatures are lower than the calculated adiabatic values which 
indicates that energy lost from the flame due to radiation and conduction through the bumer wall is significant. 

The variation in the measured temperature as a function of radial position for the lowest axial positions 
(3.5mm for methane and 2.5mm for ethene) reflects the classic diffusion mixing control nature of these flames 
similar to over-ventilated flames. The maximum in the temperature field should occur near the region where the 
local equivalence, o, is 1. As one moves higher in the flame, the depletion of oxygen due to combustion reduces the 
availability of oxidizer and the local equivalence ratio will eventually exceed 1 everywhere in the flame. 

These observations are further illustrated in Figures 3.27 and 3.28 which show plots of the temperature and 
local equivalence ratio profiles for the methane and ethene diffusion flames respectively. The local equivalence ratios 
were determined based on the m-flame concentration measurements describe in Section 3.2.2. As pointed out above, 
the highest temperatures at the lowest axial positions correspond to the region where @ = 1. This location occurs at 
a radial position between 7mm and 9mm from the centerline of the flame in close agreement with the observation 
that the fuel and oxygen concentrations approach zero at this same location (see Section 3.2.2). It should also be 
noted that at the lowest heights, 3.5mm in the methane diffusion flame and 2.5mm in the ethene diffusion flame, 
that local equivalence ratios less than 1 are observed near the edges of the flame. However, at the higher heights 6 is 
always equal to or greater than 1 in agreement with the overall under-ventilated nature of these flames. As was 


pointed out previously in discussing the in-flame concentration measurements, at the higher locations concentration 
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Figure 3.27. Radial temperature combined with local equivalence ratio profile measurements from in- 
flame concentration measurements for a methane diffusion flame with a fuel flow rate of 10cm3/s at three 


different heights: 3.5mm (top), 10mm (center) and 16mm (bottom). 
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Figure 3.28. Radial temperature combined with local equivalence ratio profile measurements from in- 


flame concentration measurements for an ethene diffusion flame with a fuel flow rate of 6.4cm>/s at two 


different heights: 2.5mm (top) and 21mm (bottom). 
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gradients and consequently the variatio: :n the local equivalence ratio decreases. Thus at these higher position:. ‘he 
average of the local equivalence across the flame should approach the global equivalence ratio of 4. This appears to 
be the trend exhibited in Figures 3.27 and 3.28. 


3.4. Transmission Electron Microscopy of Collected Soot Particles 

During the soot sampling studies it was noticed that the soot collected at high equivalence ratios (e.g., ® = 
4) had a lighter color than soot samples collected at lower equivalence ratios (e.g., @ = 1). In fact, for the methane 
diffusion flame at D = 4 the filter had a yellowish appearance. To investigate the potential for changes in the soot 
structure at these conditions, soot particles were collected on Transmission Electron Microscopy (TEM) grids. Soot 
samples were taken for an ethene diffusion flame at = 1 and ® = 4 at the top of the burner. Figure 3.29 show the 
resulting TEM pictures for these two conditions. While in both cases the smoke has an agglomerated structure, ® = 
4 the agglomerate is agglutinated indicating the presence of a liquid-like component. This liquid-like substance is 
not present for the ® = 1 conditions. Several different TEM images were analyzed and, even if the overall size of the 
soot particles varied, the same liquid-like substance appeared to cover the particles at ® = 4, 


3.5. Organic and Elemental Soot Content 

As ® increases not only does the structure of the soot particles change but their composition also change. 
The organic and elemental carbon content of soot particles is shown im Table 3.5. The elemental carbon refers to 
carbon atoms which are not bonded to any hydrogen atoms (i.e. graphitic im nature) while the organic carbon atoms 
refers to carbon atoms bonded to one or more hydrogen atoms. The method for determining the elemental and 
organic content of the soot was described in Chapter 2. Previous studies on crude oil, lumber, heptane, polyurethane 
and asphalt shingles in over-ventilated fires have shown that at most 25% of the carbon found in soot samples was 
organic (Mulholland et al. 1989; Benner et al. 1990; Dod et al. 1989). At higher equivalence ratios the results below 
show that the organic carbon content can be as high as 80% in methane and 50% in ethene. Thus, the very chemical 
nature of the soot formed in these under-ventilated diffusion flames is quite different for that observed for over- 


ventilated conditions. 
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Table 3.5. Organic and Elemental Carbon Analysis 


Methane 10cm>/s 
® Organic Carbon Organic Carbon Elemental Elemental _Organic_ 
ug/cm2 Exror Carbon ug/cm2 Carbon Error eee 
1 1.0 0.2 21 1 0.05 
2 8.4 0.5 4.9 0.3 ky 
4 3.4 0.3 0.4 0.1 8.5 
4 5.2 0.4 1.0 0.2 ote 
Ethene 6.4cm>/s 
® Organic Carbon Organic Carbon Elemental Elemental Organic 
ug/cm? Exror Carbon g/cm? _CarbonEmor __FJemental 
0.5 0.7 0.1 19 1 0.04 
1 123 0.2 27 1 0.5 
1p?) 0.5 15 0.9 0.48 
7.0 0.5 6.2 0.4 1.13 
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CHAPTER 4 


CONCLUSION 


An experimental investigation of the generation of CO and smoke for under-ventilated laminar diffusion 
flames has revealed both strong similarities and differences with studies considering over-ventilated conditions. In 
particular, the proportionality between smoke yield and CO yield observed for the post-flame (over-fire) region of 
over-ventilated flames for a wide range of fuels is not found to be valid for the under-ventilated case. In fact, the soot 
observed in the under-ventilated flames is observed to vary considerably in terms of the chemical structure from that 
typically observed in over-ventilated flames. The highly organic nature of the soot implies that the structure of the 
soot may be more similar to early agglutinated soot particles recently observed in diffusion flames than to the more 
aged aggregates typical of the post-flame region for over-ventilated flames. 

Comparisons in terms of the ratio of CO and CO as a function of global equivalence ratio in the post- 
flame region of the under-ventilated flames show a similar behavior to that previously observed for in-flame 
measurements for both over-ventilated and under-ventilated diffusion flames which examined the dependence of this 
ratio on local equivalence ratio conditions. There appears to be a rough scaling between the global and the local 
equivalence ratio results for the formation of CO and CO» which suggests that the global equivalence ratio represent 
behavior averaged over the local equivalence ratios occurring in the flame. This suggests that for the in-flame fuel- 
rich region, the chemical environment excluding soot is correlated with equivalence ratio in a similar way for both an 
over-ventilated flame and an under-ventilated flame. The low production of CO in the post-flame region of over- 
ventilated flames is simply a result of the oxidation of CO to CO? in the upper region of these flames. 

Studies involving different fuels also show results specific to under-ventilated conditions. For a more 
sooting fuel such as ethene as compared to methane, as soot formation increased CO yield was also observed to 
increase. This is just the opposite effect observed for over-ventilated laminar diffusion flames studied by Puri and 
Santoro (1992). However, when additive fuels containing oxygenated species (methanol) or aromatic structures 
(toluene) were added to either the methane or ethene flames for under-ventilated conditions the behavior showed 
increased (decreased) soot formation resulted in decreased (increased) CO yield in agreement with over-ventilated flame 
Studies. This behavior is argued to be due to the competition for OH between CO and soot particles. For the flames 
Studied here, the balance between this competition can favor either CO or soot particles depending on the local 
temperature and concentration conditions. Unfortunately the present studies were not of sufficient detail to resolve 
these competitive channels quantitatively. Thus, the above explanation for the observed behavior of the CO and soot 
particle yield remains to be tested in future studies. 

Finally, the present studies illustrate the utility of the study of under-ventilated flame environments where 
product yields and trends can be quite different from over-ventilated conditions. These studies should have 


significance for combustion phenomena in which under-ventilated conditions are typical, such as in fires. 
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APPENDIX A 
DATA FROM GOBAL MEASUREMENTS 


As explained in Section 2.4.1.2 a discrepency was noted during this study 
between the results of the Horiba NDIR analyzers model PIR-2000 and the gas 
chromatograph. After further investigation using the SRM Gas Mixtures it was found that 
the CO» concentration measurements were slightly low. The CO? results shown in this 
appendix, taken from 02/15/92 to 05/20/92 inclusively, were corrected by a factor of 
1.0554. The CO? results taken after 05/20/92 were obtained using a different CO? analyzer 
(Beckman NDIR model 864) and did not require to be corrected. 


For every set of data the fuel and fuel flow rate (in some cases two fuels for 
fuel mixtures) are indicated along with the dilution flow rate, the size of the brass fuel tube, 
the air quartz tube and the date when the measurements were made. The CO yield is given 
in grams of CO per gram of fuel and the smoke yield is given in grams of smoke collected 
on the filter per grams of fuel. 


Methane 10cm3/s, Nz dilution 472cm3/s 
12.7mm O.D. Fuel Tube 35mm I.D. Air Tube (02/15/92) 


® CO (%) CO? (%) Smoke (g) CO Yield _ Smoke Yield 
0.50 0.001 1.54 > 0.001 - 
1.00 0.103 1.60 - 0.104 - 
1.00 0.086 1.61 - 0.087 - 
2.00 0.293 0.69 - 0.272 - 
4.00 0.131 0.33 - 0.116 - 


Methane 21cm3/s, N2 dilution 708cm3/s 
12.7mm O.D. Fuel Tube 35mm I.D. Air Tube (02/15/92) 


ce) CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
0.72 0.003 oe) - 0.003 + 
1.00 0.145 2.12 - 0.112 - 
2.00 0.431 0.91 ~ 0.298 - 
4.00 0.237 0.44 - 0.154 - 
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Methane 10cm3/s, N2 dilution 472cm3/s 
12.7mm U.D. } el Tube 22mm LD. Air Tube (02/15/92) 


0.50 0.002 ES - 0 - 
1.00 0.168 1.56 - 0.170 - 
2.00 0.329 0.69 - 0.305 - 
4.00 0.148 0.33 - 0.131 - 


Methane 21cm?/s, N>2 dilution 708cm3/s 
12.7mm O.D. Fuel Tube 22mm ID. Air Tube (02/15/92) 


1 
2.00 0.466 0.88 - 0.322 - 
4.00 0.250 0.44 - 0.162 - 


Methane 10cm3/s, N2 dilution 472cm3/s 
9.6mm O.D. Fuel Tube 22mm I.D. Air Tube (02/15/92) 


0 

1.00 0.085 1.70 - 0.086 - 
2.00 0.328 0.68 - 0.304 - 
4.00 0.145 0.33 - 0.128 : 


Methane 21cm3/s, N2 dilution 708cm3/s 


9.6mm O.D. Fuel Tube 22mm I.D. Air Tube (02/15/92) 


1 
2.00 0.473 0.88 - 0.327 - 
4.00 0.250 0.45 - 0.162 - 


Methane 10cm3/s, N2 dilution 472cm3/s 
9.6mm O.D. Fuel Tube 35mm I.D. Air Tube (02/15/92) 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.001 EPs - 0.001 ~ 
1.00 0.039 1.70 - 0.039 - 
1.00 0.050 1.69 - 0.051 - 
2.00 0.297 0.69 - 0.275 - 
4.00 0.133 0.32 - 0.178 - 


be 


Methane 21cm3/s, N2 dilution 708cm3/s 
9.6mm O.D. Fuel Tube 35mm I.D. Air Tube (02/15/92) 


0.72 0.003 2.14 0.003 - 
1.00 0.094 2.14 - 0.073 - 
2.00 0.434 0.89 - 0.300 - 
4.00 0.238 0.44 - 0.154 - 


Methane 10cm3/s, Nz dilution 472cm3/s 
9.6mm O.D. Fuel Tube 35mm I.D. Air Tube (02/29/92) 


ce) CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.002 1.53 - 0.002 e 
1.00 0.030 1.73 - 0.030 - 
2.00 0.298 0.73 - 0.276 - 
4.00 0.123 0.31 - 0.109 ! 


Methane 21cm3/s, N2 dilution 708cm3/s 
9.6mm O.D. Fuel Tube 35mm I.D. Air Tube (02/29/92) 


0.72 

1.00 0.091 Pid HP. - 0.070 - 
2.00 0.430 0.92 - 0.297 - 
4.00 0.240 0.47 - 0.156 - 


Methane 10cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 22mm [L.D. Air Tube (02/29/92) 


® CO (%) CO? (%) Smoke (g) CO Yield _ Smoke Yield 
0.50 0.002 53 - _ 0.002 - 
1.00 0.140 1.64 - 0.141 - 
2.00 0.315 0.72 - 0.292 - 
4.00 0.150 0.35 - 0.133 - 


Methane 21cm3/s, N2 dilution 708cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (02/15/92) 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
1.00 0.228 els - 0.176 - 
2.00 0.459 0.93 - 0.317 - 
4.00 0.250 0.46 - 0.162 - 
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Methane 10cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 29mm I.D. Air Tube (03/13/92) 


® CO (%) CO> (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.002 1.51 - 0.002 3 
0.57 0.004 1.61 - 0.005 . 
0.66 0.002 1.64 - 0.002 - 
0.76 0.004 Laz - 0.004 = 
0.87 0.01 15 - 0.010 : 
1.00 0.1 1.65 - 0.101 : 
1215 0.251 1.38 - 0.248 : 
1.32 0.344 1.16 - 0.334 : 
1.52 0.351 0.95 - 0.335 - 
1.74 0.333 0.81 - 0.313 - 
2.00 0.303 0.74 - 0.281 - 
4 W) 0.235 0.58 - 0.214 . 
3.18 0.179 0.47 - 0.160 - 
4.00 0.125 0.38 - 0.111 - 


Methane 10cm3/s, N?2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 22mm I.D. Air Tube (03/21/92) 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.001 1.26 1.00E-5 0.001 2.71E-5 


1.00 0.081 1.34 2.87E-3 0.099 6.52E-3 
bod 0.320 0.73 2.68E-3 0.371 6.10E-3 
J has ¥ 0.210 0.44 4.40E-4 0.234 9.63E-4 
4.00 0.118 0.27 1.00E-4 0.129 2.14E-4 


Methane 10cm?/s, N>2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/11/92) 


® CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
re 0.00 30 0 .000 


Methane 10cm3/s, N2 dilution 590cm3/s 


9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/18/92) 


0.50 3 

1.00 0.055 1.38 4.29E-3 0.067 1.04E-2 
ee V4 0.305 0.76 4.68E-3 0.354 9.02E-3 
Palen Pe 0.205 0.46 7.90E-4 0.229 1.26E-3 
4.00 0.102 0.31 0 0.111 0 


CO (%) CO) (%) Smoke (g) CO Yield Smoke Yield 


® 
0.50 0.001 1.30 - 0.001 
1.00 0.055 [39 - 0.067 
152 0.304 0.77 - 0.352 
Dip Pd 0.205 0.46 - 0.229 
4.00 0.103 0.31 ~ 0.112 


Methane 20cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/18/92) 


cy) CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
7 0.002 - 


0.72 0.002 2.40 - 0 

1.00 0.165 2.43 - 0.116 - 
Paz 0.577 1.46 - 0.371 - 
252 0.430 0.88 - 0.258 - 
4.00 0.275 0.57 - 0.158 - 


Methane 10cm3/s, N2 dilution 590cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (04/23/92) 


0.50 0.001 1.30 - 0.001 - 
1.00 0.079 1.37 - 0.096 - 
1.52 0.325 0.77 - 0.377 - 
iho Pa 0.215 0.46 - 0.240 - 
4.00 Onm22 0.32 - 0.133 - 


Methane 20cm3/s, N2 dilution 590cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (02/15/92) 


ce) CO (%) CO (%) Smoke (g) CO Yield Smoke Yield 
1.00 0.257 2.35 - 0.180 - 
1.52 0.629 1.44 - 0.405 - 
ae 0.466 0.85 - 0.279 - 
4.00 0.300 0.54 - 0.173 - 


Methane 10cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/30/92) 


® CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.001 1.34 - 0.001 - 
1.00 0.010 1.49 - 0.012 - 
1.52 0.307 0.80 - 0.356 - 
202 0.204 0.50 - 0.228 - 
4.00 0.105 0.33 - 0.115 - 
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Methane 20cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/30/92) 


® CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
0.72 0.003 2.45 ~ 0.002 - 
1.00 0.063 2.62 - 0.044 - 
52 0.598 Tae | - 0.385 - 
22: 0.432 0.93 - 0.259 - 
4.00 0.276 0.61 0.159 - 


Methane 10cm3/s, N> dilution 590cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (04/30/92) 


1.00 0.069 1.39 - 0.084 - 
1.52 0.322 0.77 - 0.373 ~ 
Zoe 0.216 0.47 - 0.241 - 
4.00 0.120 0.32 - 0.131 ~ 


Methane 20cm3/s, N> dilution 590cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (04/30/92) 


1 

1.52 0.626 1.45 - 0.403 - 
tifa) 0.466 0.87 - 0.279 - 
4.00 0.300 0.57 - 0.173 - 


Methane 10cm3/s, N>2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (05/20/92) 


0 

1.00 0.035 1.42 3.63E-3 0.043 1.03E-2 
Py, 0.307 0.78 4.41E-3 0.356 9.54E-3 
2:52 0.204 0.47 7.70E-4 0.228 1.60E-3 
4.00 0.105 0.32 9.00E-5 0.115 1.83E-4 
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Methane 10cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 22mm I.D. Air Tube (05/20/92) 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.001 1.42 0 0.001 0 
1.00 0.089 1.36 2.73E-3 0.108 7.74E-3 
1252 0.307 0.78 2.83E-3 0.356 6.12E-3 
a2 0.213 0.46 6.40E-4 0.238 1.33E-3 
4.00 0.120 0.31 5.00E-5 0.131 1.02E-4 


Methane 10cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (06/17/92) 


® CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.001 1.32 - 0.001 - 
0.57 0.001 1.36 - 0.001 - 
0.66 0.001 1.40 - 0.001 - 
0.76 0.001 1.44 - 0.001 - 
0.87 0.001 1.48 - 0.001 - 
1.00 0.013 1.47 - 0.016 - 
Pel) 0.245 1.14 - 0.293 
1.32 0.311 0.93 - 0.366 - 
oz 0.308 0.78 - 0.357 . 
1.74 0.284 0.69 - 0.325 - 
2.00 0.258 0.60 - 0.292 - 
2.02 0.203 0.49 - 0.226 - 
3.18 0.156 0.40 - 0.172 - 
4.00 0.105 0.33 - 0.115 - 


Methane 10cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (06/18/92) 


® CO (%) CO) (%) Smoke (g) CO Yield _ Smoke Yield 
0.50 0.001 1.30 - 0.001 - 
0.57 0.001 1.35 - 0.001 - 
0.66 0.001 | 1.38 - 0.001 - 
0.76 0.001 1.42 - 0.001 - 
0.87 0.001 1.46 - 0.001 - 
1.00 0.013 1.45 - 0.016 - 
1.15 0.247 1.13 - 0.295 - 
132 0.314 0.93 - 0.369 - 
Vee 0.309 0.78 - 0.358 - 
1.74 0.290 0.68 - 0.332 - 
2.00 0.260 0.59 - 0.295 - 
252 0.202 0.47 - 0.225 - 
3.18 0.155 0.39 - 0.171 - 
4.00 0.107 0.32 0.117 - 
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Methane 10cm3/s, N>2 dilution 590cm3/s 
12.7mm O.D. Fuel Tube 29mm ID. Air Tube (06/18/92) 


® CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.001 1.29 . 0.001 - 
0.57 0.000 1335 - 0.000 - 
0.66 0.000 1.38 - 0.000 - 
0.76 0.001 1.41 - 0.001 - 
0.87 0.001 1.47 “ 0.001 - 
1.00 0.017 1.45 - 0.021 - 
1.15 0.244 1.13 - 0.291 - 
132 0.309 0.93 - 0.363 - 
1.52 0.309 0.78 - 0.358 - 
1.74 0.286 0.68 - 0.328 - 
2.00 0.258 0.60 - 0.292 - 
2.52 0.201 0.47 - 0.224 - 
3.18 0.153 0.39 - 0.169 - 
4.00 0.105 0.32 - 0.115 - 


Ethene 6.4cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube ee 


0.50 0.002 1.76 - 0.002 - 
1.00 0.090 1.87 - 0.080 - 
2.00 0.545 0.76 - 0.446 ° 
4.00 0.231 0.37 - 0.181 - 


Ethene 2.3cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (02/15/92) 


ce) CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.001 0.69 - 0.002 - 
1.00 0.028 0.65 - 0.062 - 
2.00 0.119 0.27 - 0.254 - 
4.00 0.090 0.21 - 0.063 - 


Ethene 6.4cm3/s, N2 dilution 472cm3/s 
9.6mm O.D. Fuel Tube 35mm I.D. Air Tube (02/15/92) 


® CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 


0.50 0.004 2.96 - 0.004 - 
1.00 0.060 3.40 - 0.053 - 
2.00 0.637 1.12 - 0.522 - 
4.00 0.220 0.46 - 0.172 - 
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Ethene 2.3cm3/s, N2 dilution 472cm3/s 
9.6mm O.D. Fuel Tube 35mm I.D. Air Tube (02/15/92) 


® CO (%) CO) (%) Smoke (g) CO Yield _ Smoke Yield 
: ii 


0.50 0.001 1.1 - 0.002 - 
1.00 0.036 1.03 - 0.079 - 
2.00 0.223 0.49 - 0.476 - 
4.00 0.099 0.15 - 0.208 - 


Ethene 6.4cm3/s, N2 dilution 472cm3/s 
9.6mm O.D. Fuel Tube 35mm I.D. Air Tube (02/29/92) 


0.50 

1.00 0.043 2.03 - 0.038 - 
2.00 0.512 0.84 - 0.419 - 
4.00 0.190 0.41 - 0.149 - 


Ethene 2.3cm3/s, N2 dilution 472cm3/s 
9.6mm O.D. Fuel Tube 35mm I.D. Air Tube (02/29/92) 


0.50 
1.00 0.035 0.78 - 0.077 - 
2.00 0.153 0.31 - 0.326 - 
4.00 0.089 0.12 - 0.187 - 
Ethene 6.4cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 22mm IL.D. Air Tube (02/29/92) 
cn) CO (%) CO) (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.003 7a | - 0.003 - 
1.00 0.151 2.23 - 0.134 - 
2.00 0.566 0.92 - 0.464 - 
4.00 0.264 0.43 - 0.207 - 
Ethene 2.3cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 22mm IL.D. Air Tube (02/29/92) 
® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.002 0.92 - 0.005 - 
1.00 0.061 0.89 - 0.135 - 
2.00 0.159 0.39 - 0.339 - 
4.00 0.081 0.18 - 0.170 - 
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Ethene 6.4cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (02/29/92) 


0.5 

1.00 0.142 2.12 - 0.126 - 
2.00 0.569 0.91 - 0.466 - 
4.00 0.255 0.42 - 0.200 - 


Ethene 2.3cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (02/29/92) 


® CO (%) CO? (%) Smoke (g) CO Yield _ Smoke Yield 


0.50 0.002 0.87 - 0.005 ; 
1.00 0.055 0.81 - 0.121 - 
2.00 0.145 0.35 - 0.309 - 
4.00 0.067 0.14 - 0.141 - 


Ethene 6.4cm3/s, N2 dilution 472cm3/s 
12.7mm O.D. Fuel Tube 29mm I.D. Air Tube (03/13/92) 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.006 1.93 - 0.0 - 
0.57 0.006 2.14 - 0.006 . 
0.66 0.006 2.04 - 0.006 - 
0.76 0.006 2.07 - 0.006 - 
0.87 0.010 Deis - 0.009 - 
1.00 0.081 2013 - 0.072 - 
1.15 0.265 1.92 - 0.231 - 
1.32 0.406 1.51 - 0.347 - 
ene 0.534 1.31 - 0.450 - 
1.74 0.554 1.07 - 0.460 - 
2.00 0.513 0.88 “ 0.420 - 
eo 0.430 0.68 - 0.346 - 
3.18 0.340 0.59 . 0.269 - 
4.00 0.209 0.45 - 0.134 - 
Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 22mm I.D. Air Tube (03/21/92) 
® CO (%) CO) (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.002 1.69 1.00E-5 0.002 2.39E-5 
1.00 0.070 it 1.25E-2 0.075 4.40E-2 
P52 0.520 0.96 1.92E-2 0.533 4.30E-2 
ee 0.405 0.54 9.30E-3 0.400 1.81E-2 
4.00 0.206 0.34 1.96E-3 0.199 3.72E-3 
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Ethene 6.4cm3/s, N2 dilution 590cm3/s 


9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/11/92) 


0.50 0.002 pga 6.40E-3 0.002 2.5/E-2 
1.00 0.026 bre 1.36E-2 0.028 4.83E-2 
{ey 0.453 0.97 1.36E-2 0.465 4.62E-2 
PoP 0.363 0.54 6.22E-3 0.359 2.03E-2 
4.00 0.180 0.36 1.79E-3 0.174 3.43E-3 


Ethene 6.4cm3/s, N2 dilution 590cm3/s 


9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/18/92) 


0.5 

1.0 0.017 0.93 - 0.034 - 
1.52 0.197 0.52 - 0.384 - 
252 0.114 0.32 - 0.218 - 
4.00 0.045 0.21 > 0.085 - 

Ethene 3.2cm3/s, N> dilution 590cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (04/23/92) 
® CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 

0.50 0.001 0.95 - 0.002 - 
1.00 0.065 0.85 - 0.130 - 
152 0.219 0.50 - 0.426 - 
DA ps 0.139 0.30 - 0.265 - 
4.00 0.075 0.19 - 0.142 - 


9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/18/92) 


CO (%) 
0.50 
1.00 0.050 
oe 0.441 
2752 0.361 
4.00 0.178 


1.70 
0.98 
0.54 
0.35 


0.054 
0.452 
0.357 
0.172 


Ethene 3.2cm3/s, N2 dilution 590cm3/s 
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Ethene 6.4cm3/s, N2 dilution 590cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (04/23/92) 


145 


Ethene 3.2cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/23/92) 


0.50 0.002 1.68 - 0.002 - 
1.00 0.118 1.60 - 0.127 - 
les" 0.455 0.98 - 0.467 - 
Pie) 0.373 0.54 - 0.369 - 
4.00 0.197 0.34 - 0.191 - 
Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/23/92) 
® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
oS 0.002 1.59 7.03E-3 0.002 2.77E-2 
: 0.032 1.69 1.47E-2 0.034 5.12E-2 
0.446 0.98 1.37E-2 0.457 4.43E-2 
0.358 0.54 5.95E-3 0.354 1.90E-2 
0.177 0.35 1.99E-3 0.171 3.73E-3 


1.24E-4 


0.003 0.92 7.42E-3 0.006 4.84E-2 
0.011 0.92 8.33E-3 0.022 5.37E-2 
0.204 0.52 4.43E-3 0.397 2.79E-2 
0.114 0.32 7.60E-4 0.218 2.82E-3 
0.040 0.20 2.00E-5 0.076 7.33E-5 
Ethene 3.2cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/30/92) 
® CO (%) CO) (%) Smoke (g) CO Yield Smoke Yield 
: 0.001 1.00 - 0.002 ~ 
0.015 0.98 - 0.030 ° 
0.207 0.57 - 0.403 - 
0.115 0.36 - 0.220 - 
0.041 0.26 - 0.077 - 


Ethene 3.2cm3/s, N2 dilution 590cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (04/30/92) 


® CO (%) CO? (%) Smoke (g) CO Yield _ Smoke Yield 


0.50 0.001 0.95 - 0.002 - 
1.00 0.053 0.88 - 0.106 - 
152 0.231 0.50 - 0.450 - 
222 0.138 0.30 - 0.264 . 
4.00 0.074 0.19 - 0.140 - 


Ethene 6.4cm?/s, N2 dilution 590cm3/s 
12.7mm O.D. Fuel Tube 22mm I.D. Air Tube (04/30/92) 


0.50 

1.00 0.078 1.67 ‘ 0.084 i 
1.52 0.487 0.97 : 0.499 ‘ 
2.52 0.384 0.54 : 0.379 : 
4.00 0.200 0.35 : 0.193 é 


Ethene 3.2cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (05/20/92) 


0 

1.00 0.013 0.93 1.10E-2 0.026 5.10E-2 
1.52 0.219 0.51 8.48E-3 0.426 3.08E-2 
22 0.116 0.32 8.30E-4 0.222 2.96E-3 
4.00 0.054 0.22 4.00E-5 0.102 1.41E-4 

Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 22mm I.D. Air Tube (05/20/92) 
co) CO (%) CO) (%) Smoke (g) CO Yield Smoke Yield 

0.50 0.000 1.67 2.00E-5 0.000 4.54E-5 
1.00 0.071 1.67 1.32E-2 0.076 4.41E-2 
1.52 0.488 0.96 1.32E-2 0.500 4.20E-2 
2.52 0.387 0.54 7.93E-3 0.382 1.83E-2 
4.00 0.199 0.34 2.11E-3 0.192 3.81E-3 
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Ethene 3.2cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm LD. Air Tube (06/17/92) 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.000 0.98 - ().000 - 
0.57 0.001 0.98 - 0.002 - 
0.66 0.001 0.96 - 0.002 - 
0.76 0.001 0.96 - 0.002 - 
0.87 0.002 0.96 - 0.004 = 
1.00 0.019 0.94 - 0.038 - 
1.15 0.149 0.76 - 0.295 = 
1.32 0.211 0.60 ~ 0.414 a 
1.52 0.207 0.53 - 0.403 - 
1.74 0.185 0.45 - 0.358 - 
2.00 0.154 0.39 - 0.296 - 
D sate Ps 0.118 0.33 - 0.225 - 
3.18 0.078 0.27 - 0.148 - 
4.00 0.050 0.22 - 0.094 = 


Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (06/17/92) 


® CO (%) CO? (%) Smoke (g) CO Yield _ Smoke Yield 
0.50 .002 1.60 - 0.002 - 
0.57 0.002 1.66 > 0.002 - 
0.66 0.002 1.69 - 0.002 - 
0.76 0.003 1.72 - 0.003 - 
0.87 0.005 1.74 - 0.006 - 
1.00 0.015 ye) - 0.016 - 
1.15 0.209 1.50 - 0.221 - 
1.32 0.369 122 - 0.384 - 
jp 0.448 1.00 - 0.459 - 
1.74 0.459 0.84 - 0.465 - 
2.00 0.434 0.72 - 0.435 - 
232, 0.363 0.56 - 0.359 - 
3.18 0.280 0.46 - 0.273 - 
4.00 0.180 0.37 - 0.174 - 


Ethene 3.2cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (06/18/92) 


® CO (%) CO? (%) Smoke (g) CO Yield _ Smoke Yield 
0.50 0.001 0.96 - 0.002 ~ 
0.57 0.001 0.97 - 0.002 - 
0.66 0.001 0.95 - 0.002 - 
0.76 0.002 0.95 - 0.004 - 
0.87 0.003 0.95 - 0.006 - 
1.00 0.022 0.93 - 0.044 - 
1.15 0.151 0.75 - 0.299 - 
Fe32 0.211 0.58 - 0.414 - 
12 0.218 0.51 - 0.424 - 
1.74 0.189 0.44 - 0.366 - 
2.00 0.153 0.38 - 0.294 - 
2.2 0.120 0.32 - 0.229 - 
3.18 0.079 0.26 - 0.150 - 
4.00 0.054 0.21 - 0.102 - 


Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (06/18/92) 


® CO (%) CO? (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.003 1.59 - 0.004 - 
0.57 0.002 1.65 - 0.002 - 
0.66 0.003 1.68 - 0.003 - 
0.76 0.003 Lal - 0.003 - 
0.87 0.005 1.73 : 0.006 - 
1.00 0.018 1.75 - 0.019 - 
1215 0.214 1.50 - 0.226 - 
1.32 0.377 1.21 - 0.392 - 
1.52 0.455 0.98 - 0.467 - 
1.74 0.467 0.83 - 0.473 - 
2.00 0.441 0.71 - 0.442 - 
phy? 0.369 0.55 - 0.365 - 
3.18 0.283 0.44 - 0.276 - 
4.00 0.180 0.36 - 0.174 - 
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Ethene 6.4cm3/s, N2 dilution 590cm3/s 
-12.7mm O.D. Fuel Tube 29mm LD. Air Tube (06/18/92) 


® CO (%) CO» (%) Smoke (g) CO Yield _ Smoke Yield 

0.50 0.002 1.60 - 0.002 

0.57 0.002 1.64 - 0.002 - 
0.66 0.002 1.67 - 0.002 - 
0.76 0.003 1.70 - 0.003 - 
0.87 0.006 1.71 - 0.007 - 
1.00 0.040 ie - 0.043 - 
i215 0.212 1.48 - 0.224 : 
132 0.362 ees) - 0.376 - 
bey 0.454 0.98 - 0.466 - 
1.74 0.459 0.83 » 0.465 ~ 
2.00 0.444 0.71 - 0.445 - 
22 0.365 0.55 - 0.361 - 
3.18 0.271 0.45 - 0.265 : 
4.00 0.174 0.36 - 0.168 ~ 


Methane 12.8cm3/s, N2 dilution 590cm2/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (03/17/93) 


0.5 

1.0 0.060 Ld - 0.059 - 
1.52 0.391 1.01 - 0.366 - 
Peps 0.278 0.63 - 0.248 - 
4.00 0.164 0.42 - 0.142 - 


Methane 10cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (03/17/93) 


® CO (%) CO? (%) Smoke (g)_ __ CO Yield _ Smoke Yield 


0.50 0.013 133 - 0.018 - 
1.00 0.040 1.45 - 0.49 - 
52 0.313 0.80 - 0.363 - 
pays 0.208 0.51 - 0.232 - 
4.00 0.116 0.34 - 0.127 - 


Methane 10.2cm3/s + Methanol 2.56cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (03/17/93) 


® CO (%) CO) (%) Smoke (g) CO Yield _ Smoke Yield 
0.50 0.021 oe - 0.020 - 
0.57 0.022 1.61 - 0.020 - 
0.66 0.022 1.68 - 0.020 - 
0.76 0.022 1.70 - 0.019 - 
0.87 0.022 1.78 - 0.018 - 
1.00 0.050 1.78 . 0.041 - 
a 0.346 1.42 - 0.277 - 
132 0.460 ey, - 0.362 - 
1.52 0.510 0.98 - 0.394 - 
1.74 0.514 0.86 - 0.392 - 
2.00 0.491 0.76 - 0.369 - 
pkey 0.400 0.61 - 0.296 - 
3.18 0.312 0.50 - 0.227 - 
4.00 U8 0.41 - 0.166 ~ 


Ethene 5.77cm3/s + Methanol 1.28cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (03/19/93) 


oy) CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.010 1.71 - 0.011 - 
0.57 0.011 1.78 - 0.012 - 
0.66 0.013 1.78 - 0.013 - 
0.76 0.013 1.79 - 0.013 - 
0.87 0.014 1.79 - 0.014 - 
1.00 0.039 1.80 - 0.037 - 
1.15 0.290 1.47 - 0.271 - 
1.32 0.442 21 - 0.407 - 
1.52 0.512 1.00 - 0.465 - 
1.74 0.520 0.85 - 0.467 - 
2.00 0.499 0.73 - 0.443 - 
252 0.411 0.57 - 0.360 - 
3.18 0.317 0.47 - 0.274 - 
4.00 0.208 0.37 - 0.178 - 


Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (03/19/93) 


0) CO (%) CO> (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.012 1.61 - 0.015 - 
1.00 0.030 1.74 - 0.037 - 
ea pe 0.440 1.02 - 0.454 - 
2252 0.350 0.58 - 0.348 - 
4.00 0.180 0.37 - Or1t5 - 
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Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (03/25/93) 


® CO (%) CO» (%) Smoke (g) CO Yield _ Smoke Yield 
0.5 0.011 1.58 - 0.013 - 
0.76 0.012 1.69 - 0.013 - 
1.00 0.027 1.74 - 0.029 - 
1.15 0.192 lez - 0.203 - 
lesz 0.350 1e25 - 0.364 - 
1.52 0.429 1.02 - 0.440 - 
1.74 0.442 0.87 - 0.448 - 
2.00 0.419 0.74 - 0.420 - 
22 0.353 0.57 - 0.349 - 
3.18 02275 0.47 - 0.269 - 
4.00 0.180 0.37 - 0.174 - 


Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (03/25/93) 


Fuel temperature of 71 °C at outlet of fuel tube 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.012 1.76 - 0.015 . 
0.76 0.013 1.82 - 0.015 - 
1.00 0.028 1.87 - 0.030 - 
1.15 0.208 1.57 - 0.220 . 
1.32 0.362 1.33 - 0.376 - 
1.52 0.441 1.05 - 0.452 - 
1.74 0.448 0.93 - 0.454 - 
2.00 0.426 0.78 - 0.427 - 
2.52 0.359 0.59 - 0.355 - 
3.18 0.278 0.47 - 0.271 - 
4.00 0.182 0.39 - 0.176 ~ 


Ethene 5.12cm3/s + Methanol 2.56cm3/s, Nz dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (03/19/93) 


® CO (%) CO) (%) Smoke (g) CO Yield _ Smoke Yield 
0.50 0.011 1.69 - 0.011 - 
0.57 0.011 1.74 - 0.010 - 
0.66 0.012 1.78 - 0.011 - 
0.76 0.012 1.82 - 0.011 - 
0.87 0.012 1.81 - 0.011 - 
1.00 0.019 1.81 - 0.016 - 
1.15 0.290 1.51 - 0.244 - 
132 0.470 ez - 0.389 - 
Le52 0.556 1.00 - 0.454 - 
1.74 0.565 0.85 - 0.456 - 
2.00 0.549 0.73 - 0.439 - 
hes) 0.451 0.57 - 0.355 - 
3.18 0.340 0.47 - 0.265 - 
4.00 0.224 0.37 - 0.173 - 


Ethene 3.2cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/01/93) 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.007 0.97 - 0.015 - 
0.57 0.005 0.97 ° 0.011 - 
0.66 0.006 0.94 - 0.012 - 
0.76 0.007 0.92 - 0.014 - 
0.87 0.006 0.93 - 0.012 - 
1.00 0.015 0.92 - 0.030 - 
1.15 0.141 0.75 - 0.279 - 
1.32 0.198 0.59 - 0.388 - 
1.52 0.213 0.51 - 0.415 - 
1.74 0.178 0.45 - 0.344 - 
2.00 0.154 0.37 - 0.296 - 
252 0.116 0.32 - 0.222 - 
3.18 0.080 0.26 - 0.152 - 
4.00 0.053 0.21 - 0.100 - 


152 


Ethene 3.2cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/02/93) 


® CO (%) CO» (%) Smoke (g) CO Yield _ Smoke Yield 
0.50 0.005 0.97 - 0.011 - 
0.57 0.006 0.98 - 0.013 - 
0.66 0.006 0.97 - 0.012 - 
0.76 0.006 0.96 - 0.012 - 
0.87 0.008 0.95 - 0.016 - 
1.00 0.022 0.94 - 0.044 - 
a) 0.135 0.78 - 0.267 - 
1.32 0.202 0.62 - 0.396 - 
1.52 0.197 0.54 - 0.383 - 
1.74 0.189 0.45 - 0.366 - 
2.00 0.153 0.39 - 0.294 - 
2.52 0.118 0.33 - 0.225 - 
3.18 0.083 0:2], - 0.158 - 
4.00 0.051 0.22 - 0.096 - 


Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 22mm I.D. Air Tube (04/02/93) 


CO (%) CO? (%) Smoke (g) CO Yield _ Smoke Yield 


o 


0.50 0.008 1.67 0.010 

0.57 0.010 Lz - 0.012 - 
0.66 0.011 1.74 - 0.013 - 
0.76 0.011 1.72 - 0.012 - 
0.87 0.016 1.71 - 0.018 - 
1.00 0.095 1.64 - 0.102 - 
1.15 0.259 1.42 - 0.273 - 
1.32 0.393 1.20 - 0.409 » 
1.52 0.465 0.97 - 0.477 - 
1.74 0.464 0.84 - 0.470 - 
2.00 0.437 0.72 - 0.438 - 
2.52 0.362 0.56 - 0.358 - 
3.18 0.284 0.45 - 0.277 - 
4.00 0.197 0.35 - 0.191 - 
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Ethene 6.4cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 22mm I.D. Air Tube (04/02/93) 


® CO (%) CO) (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.009 1.67 - 0.011 - 
0.57 0.011 1.72 - 0.013 - 
0.66 0.012 1.74 - 0.014 - 
0.76 0.013 1.74 - 0.015 - 
0.87 0.015 133 - 0.016 - 
1.00 0.105 1.65 - 0.113 - 
115 0.268 1.44 - 0.283 - 
ey 0.390 1.20 - 0.405 - 
1.52 0.464 0.98 - 0.476 - 
1.74 0.471 0.84 - 0.477 - 
2.00 0.443 0.792 - 0.444 - 
Pay 0.364 0.56 - 0.360 - 
3.18 0.286 0.45 - 0.279 - 
4.00 0.196 0.35 - 0.190 - 


Methane 10.2cm3/s + Toluene 0.37cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/05/93) 


ce) CO (%) CO) (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.011 1.43 - 0.013 - 
0.57 0.013 1.47 - 0.015 - 
0.66 0.014 1.50 - 0.015 - 
0.76 0.015 1.51 - 0.016 - 
0.87 0.018 1.53 - 0.019 ~ 
1.00 0.029 1.54 - 0.029 - 
1.15 0.128 1.41 - 0.127 - 
1.32 0.247 1.16 - 0.240 - 
152 0.303 0.97 - 0.290 - 
1.74 0.307 0.84 - 0.290 - 
2.00 0.289 0.73 - 0.269 - 
PLESWs 0.244 0.59 - 0.223 - 
3.18 0.198 0.48 - 0.179 - 
4.00 0.146 0.39 - 0.130 - 
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Ethene 5.12cm3/s + Toluene 0.37cm3/s, N2 dilution 590cm3/s 
9.6mm O.D. Fuel Tube 29mm I.D. Air Tube (04/05/93) 


® CO (%) CO» (%) Smoke (g) CO Yield Smoke Yield 
0.50 0.012 pee - 0.015 = 
0.57 0.012 1.39 - 0.014 . 
0.66 0.013 1.43 - 0.015 s 
0.76 0.014 . 1.46 - 0.016 - 
0.87 0.017 1.50 - 0.019 - 
1.00 0.027 7 52 - 0.029 é 
1.15 0.068 1.46 - 0.072 . 
1.32 0.172 V2 - 0.180 3 
1.52 0.262 1.05 - 0.271 : 
1.74 0.307 0.89 - 0.314 2 
2.00 0.318 0.74 - 0.322 2 
252 0.288 0.58 ° 0.287 - 
3.18 0.240 0.47 - 0.237 - 
4.00 0.178 0.38 - 0.174 2 
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APPENDIX B 
GAS CHROMATOGRAPH MEASUREMENTS 


Methane laminar diffusion flame with a fuel flow rate of 10cm3/s at ® = 4 and at a height 


of 16mm. Gas sampled using EMS probe. 

r(mm) O7(%) CO2(%) N2(%) CO(%) CH4(%) C2H4(%) C2H2(%) C2H6(%) 
-12.0 2.206 8.661 88.800 2.046 5.564 0.068 0.166 0.025 
-10.0 1.517 8.817 84.138 2.362 8.010 0.077 0.224 0.023 
-9.0 1.358 8.329 80.660 2.582 10.734 0.089 0.272 0.026 
-7.5 1.240 7.627 75.309 2.747 19.469 0.105 0.317 0.030 


-6.0 1.653 7.461 74.396 2.535 23.964 0.095 0.260 0.031 
-4.5 1.410 6.559 66.736 2.470 32.587 0.098 0.263 0.032 
-3.0 0.968 5.174 58.560 2.293 45.703 0.094 0.262 0.029 
-1.5 1.262 4.563 53.249 1.987 51.519 0.082 0.208 0.028 
0.0 1.448 4.353 50.857 1.776 52.882 0.073 0.171 0.025 
1.5 1.185 3.905 43.696 1.671 58.111 0.068 0.159 0.023 
3.0 0.752 3.478 38.278 1.838 61.861 0.071 0.198 0.024 
4.5 0.971 5.053 58.080 2.350 46.505 0.097 0.279 0.030 
6.0 1.227 6.491 66.021 2.566 31.310 0.102 0.286 0.032 
7.5 1.256 7.452 73.244 2.629 22.120 0.098 0.290 0.029 
9.0 1.499 8.056 78.293 2.549 15.970 0.089 0.252 0.028 


Methane laminar diffusion flame with a fuel flow rate of 10cm3/s at ® = 4 and at a height 


of 10mm. Gas sampled using EMS probe. 


mmm) _02(%)_ CO2(%)__N2(%)_CO(%) CH4(%) Saeee oe C2H6(%) 
-12.0 4.160 8.310 92.346 1.648 0.504 0.0 0.0 0.016 
-10.0 3.043 8.453 89.684 2.068 1.030 0. 045 0. 130 0.025 
-9.0 2.411 8.466 85.985 2.339 4.197 0.075 0.192 0.031 
-7.5 2.122 8.098 81.065 2.696 8.047 0.085 0.232 0.029 


-6.0 1.907 7.378 72.451 2.894 18.542 0.090 0.256 0.029 
“4.5 1.586 6.321 63.598 2.798 30.455 0.098 0.290 0.031 
-3.0 1.328 4.657 52.981 2.302 48.268 0.089 0.256 0.029 
-1.5 1.001 3.026 33.564 1.578 65.033 0.062 0.164 0.020 
0.0 0.743 1.933 22.544 1.135 74.009 0.046 0.107 0.014 
15 0.725 2.116 24.299 1.258 72.591 0.049 0.125 0.015 
3.0 0.988 3.443 37.815 1.920 61.551 0.075 0.215 0.025 
4.5 1.215 5.202 57.465 2.732 41.114 0.100 0.318 0.032 
6.0 1.336 6.447 63.751 2.944 25.152 0.092 0.280 0.031 
7.5. 1.377 7.094 67.495 2.695 9.714 0.080 0.238 0.028 
9.0 1.335 6.833 65.079 2.138 4.212 0.067 0.190 0.024 


Methane laminar diffusion flame with a fuel flow rate of 10cm3/s at © = 4 and at a height 

of 3.5mm. Gas sampled using quartz microprobe. 

r(mm) 02(%) CO(%)__N2(%)_ CO(%) CH4(%) C2H4(%) C2H2(%) C2H¢(%) 
-12.0 15.665 2.561 82.539 0.103 # 0.045 0.000 0.000 0.000 
-10.0 12.584 3.603 79.401 0.088 0.011 0.000 0.000 0.000 
-9.0 6.147 4.558 61.843 0.188 0.000 0.000 0.000 0.000 


-7.5 1.249 5.002 53.663 1.731 0.360 0.031 0.098 0.030 
-6.0 0.745 3.930 39.393 1.824 6.905 0.072 0.163 0.030 
-4.5 0.763 3.262 33.314 1.620 25.856 0.069 0.147 0.031 
-3.0 0.536 1.803 18.849 0.918 59.756 0.040 0.074 0.018 
-15 0.167 0.374 4.238 0.213 87.065 0.012 0.015 0.003 
0.0 0.036 0.028 0.519 0.023 105.522 0.006 0.003 0.000 
1.5 0.217 0.511 5.739 0.287 98.880 0.015 0.022 0.004 
3.0 0.761 2.606 27.632 1.320 69.470 0.057 0.111 0.026 
45 1.156 5.316 56.839 2.664 32.201 0.108 0.253 0.049 
6.0 1.134 6.573 63.578 3.214 7.000 0.114 0.291 0.051 
7.5 2.093 5.735 59.992 1.385 0.094 0.005 0.030 0.002 
9.0 7.112 4.342 63.374 0.146 0.004 0.000 0.000 0.000 


Ethene laminar diffusion flame with a fuel flow rate of 6.4cm3/s at ® = 4 and at a height of 


21mm. Gas sampled using EMS probe. 

rmm) 0O7(%) CO2(%) N2(%) CO(%) CH4(%) CoH4(%) C2H2(%) C2H6(%) 
-12.0 4.423 8.606 79.865 3.825 0.227 10.980 1.567 0.021 

-10.0 1.219 9.949 76.370 4.367 #0.210 15.448 2.148 0.010 

-9.0 1.096 9.505 72.983 4.086 0.195 14.952 2.022 0.010 


-7.5 0.954 6.199 53.585 2.740 0.136 11.760 hee PA 0.008 
-6.0 0.640 4.731 37.978 2.218 0.108 12.112 1.120 0.006 
4.5 2.114 8.692 70.577 3.832 0.193 15.674 1.814 0.014 
-3.0 1.871 8.990 71.439 3.916 0.441 15.955 1.811 0.013 
-1.5 2.090 8.515 69.537 3.887 0.181 16.394 1.785 0.014 
0.0 1.529 8.230 65.963 3.850 0.226 17.681 1.860 0.015 
1.5 1.538 8.774 67.978 3.852 0.219 16.838 1.804 0.011 
3.0 1.279 8.093 64.209 3.656 0.158 17.636 1.730 0.012 
45 0.698 5.184 48.008 3.318 0.150 28.515 1.749 0.016 
6.0 0.600 4.669 38.794 2.570 0.120 16.257 1.342 0.009 
7.5 0.453 3.447 27.461 1.686 0.077 10.090 0.831 0.016 
9.0 0.525 3.979 31.600 1.850 0.167 9.398 0.887 0.000 


Ethene laminar diffusion flame with a fuel flow rate of 6.4cm3/s at ® = 4 and at a height of 


2.5mm. Gas sampled using quartz microprobe. 

rmm) O7(%) CO 7(%) N2(%) CO(%) CH4(%) ara C2H7(%) _C2H6(%) 
-12.0 8.785 3.112 58.332 0.089 0.002 004 0.002 0.000 
-10.0 11.866 5.154 80.642 0.098 0.000 af 000 0.000 0.000 
-9.0 5.172 5.400 57.814 0.281 0.000 0.000 0.000 0.000 
-7.5 1.530 6.526 54.296 2.157 0.007 0.020 0.186 0.001 


-6. 0.810 6.324 53.075 3.692 0.093 7.115 1.531 0.003 
-4, 0.847 5.944 50.477 3.895 0.126 28.239 1.803 0.013 
-3. 0.357 1.961 16.391 1.371 0.045 57.902 0.582 0.022 
-1. 0.153 0.179 1.841 0.148 0.006 60.307 0.039 0.019 


0 
5 
0 
5 
0 0.133 0.013 0.342 0.016 0.004 83.909 0.000 0.026 
5 0.098 0.207 2.228 0.180 0.008 81.246 0.046 0.026 
0 0.359 2.070 17.064 1.419 0.047 54.256 0.623 0.019 
5 0.972 6.579 55.646 4.224 0.140 31.291 17959. 0.016 
O 1.228 9.244 66.699 5.179 0.141 11.286 2.149 0.005 
5 2.785 11.018 85.264 2.892 0.005 0.070 0.150 0.000 
0 7.967 8.466 86.193 0.317 0.000 0.005 0.003 0.000 


SOUP a ie: 


Ethene laminar diffusion flame with a fuel flow rate of 6.4cm3/s at ® = 4 and at a height of 


1.5mm. Gas sampled using quartz microprobe. 

rmm) O2(%) CO2(%) N2(%) CO(%) CHa4(%) C2H4(%) C2H2(%) C2H6(%) 
-12.0 15.408 4.253 78.293 0.129 0.004 0.025 0.009 0.006 
-10.0 11.284 6.898 79.559 0.241 0.000 0.004 0.000 0.000 
-9.0 3.283 10.380 78.081 3.059 0.010 0.047 0.297 0.002 


-7.5 1.449 9.775 72.020 4.764 0.130 13.191 1.856 0.011 
-6.0 1.069 5.909 49.876 3.229 0.103 40.436 1.276 0.020 
4.5 0.375 1.591 12.812 0.970 0.032 82.415 0.400 0.025 
-3.0 0.123 0.094 1.249 0.260 0.005 97.349 0.017 0.028 
-15 0.104 0.009 0.425 0.000 0.004 98.877 0.027 
0.0 0.169 0.331 3.174 0.245 0.009 94.673 0.075 0.026 
1.5 0.593 2.992 24.199 1.847 0.061 66.236 0.794 0.023 
3.0 1.275 8.317 64.090 4.657 0.142 20.528 1.949 0.013 
4.5 1.762 9.388 68.227 3.412 0.033 0.471 0.651 0.007 
6.0 8.506 8.489 79.576 0.612 0.001 0.018 0.008 0.000 
7.5 14.939 4.820 78.677 0.134 0.001 0.007 0.002 0.000 
9.0 17.444 3.324 76.961 0.184 0.002 0.032 0.008 0.000 
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APPENDIX C 
TEMPERATURE MEASUREMENTS 


The temperature measurements shown in this table are not corrected for 
radiation or conduction losses. All temperature measurements are shown as a function of 


relative displacement. All temperatures are in K. 


Methane laminar diffusion flame with a fuel flow rate of 10cm3/s at © = 4 


Height (mm) 
Displacement 
wares 3.5 10 16 Z5 35 
0 1530.4 1343.0 1021.5 588.37 556.13 
1 1703.7 1345.2 1067.2 606.08 563.66 
2 1631.4 1330.7 110..5 633.67 567.00 
3 1480.1 1292.8 1112.6 640.43 566.67 
4 1357.1 1226.4 1102.0 652.79 571.83 
5 1162.7 1137.0 1071.5 652.96 573.49 
6 944.91 1021.5 1026.4 669.57 577.97 
7 737.49 899.47 971.58 681.80 593.14 
8 587.22 774.44 908.82 779.99 612.93 
9 514.18 680.06 852.14 787.39 647.98 
10 491.03 641.88 816.64 827.61 696.84 
11 512.62 661.91 807.94 863.89 750.73 
12 619.10 725.77 847.16 885.76 806.41 
13 825.93 852.59 968.53 906.15 859.98 
14 1054.4 989.37 1019.8 932.43 924.93 
15 1275.1 1138.5 1101.2 968.53 950.17 
16 1446.6 1251.5 1131.9 1001.6 957.47 
17 1578.0 1311.8 - 1149.3 982.73 953.24 
18 1676.3 1365.3 1123.9 1002.2 933.76 
19 1544.2 1318.3 1073.3 933.32 874.40 
20 1367.4 1334.0 1081.8 892.03. 732.34 
21 1199.5 233.9 954.85 870.35 748.40 
22 1044.4 1163.8 894.41 ltl uk 669.89 
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Ethene laminar diffusion flame with a fuel flow rate of 6.4cm3/s at ® = 4 


Displacement 
(mm) 


WOOeAINAMLWN- © 


an) 


1528.7 
1695.5 
1582.9 
1386.0 
14955 
978.10 
769.96 
625.91 
553.61 
515.92 
518.68 
545.68 
622.67 
795.84 
1025.9 
1230.1 
1421.4 
1578.5 
1537.6 
1388.8 
1248.3 
1110.1 
963.01 


Height (mm) 
ia 21 

1065.1 886.36 
1048.1 900.21 
1110.6 965.19 
1056.8 967.08 
1020.8 952.07 
969.11 934.93 
901.10 915.78 
843.53 888.75 
797.22 849.42 
764.08 816.34 
736.09 780.46 
770.27 789.08 
823.35 796.14 
848.67 810.84 
916.07 854.41 
998.88 897.09 
1062.2 955.87 
1111.7 945.78 
1113.0 918.73 
1092.6 897.83 
1033.0 839.44 
958.35 811.61 

722.01 
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